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PREFACE 


The writing of this introduction to the principles of plant 
physiology was begun ten years ago. Even then our knowledge 
of the physiology of the plant had been greatly increased since 
the publication of the last general statement of the principles 
of plant physiology by an Englishman, the late S. H. Vines, 
in 1886, and an attempt at a re-statement of these principles 
appeared eminently desirable. Further work in the subject 
which has been carried out during the last decade has resulted 
in further changes in view of certain aspects of plant physiology, 
and the need for an introduction to the principles of plant 
physiology appears to be greater than ever. 

In attempting to make these principles clear it has been 
necessary to illustrate them by reference to the results of many 
older and more recent researches, but no attempt has been made 
to mention all the important researches of even the last ten 
years. This would indeed be impossible in any case in a book of 
this size and would, moreover, be out of place in a book of this 
scope, for it would only tend to obscure the general principles in 
a mass of details. Failure to refer to any particular piece of work 
is not therefore to be taken by the reader to indicate either that 
the author was unaware of that work or was inappreciative of 
its value. 

Purely biochemical details have been introduced only so far 
as reference to them has appeared essential to an understanding 
of the physiology of the plant. But inasmuch as the physi- 
ology of the plant is largely involved with chemical changes 
taking place in the plant body, a certain acquaintance with the 
chemistry of the essential substances which make up this body 
is necessary for a proper appreciation of the principles of plant 
physiology. For those who find the biochemical treatment in 
the present volume inadequate, there are a number of works 
to which reference may be made. The late Mrs. Onslow’s 
Practical Plant Biochemistry , although essentially a text-book 
for practical work forms an excellent introduction to the subject 
for botanical students. The Chemistry of Plant Products , by 
P. Haas and T. G. Hill, is a work of wider scope and greater 
detail, while Czapek’s monumental Biochemie der PJlanzen 
remains the standard work of reference in the subject. 
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It is hoped this introduction to the principles of plant physi- 
ology will be found particularly useful to University students 
reading for pass or honours degrees. For the benefit of the latter 
and of others who desire to read further on the subjects dealt 
with, references to monographs on the respective subjects are 
given at the ends of some of the chapters. In addition a biblio- 
graphy is appended of works cited in the text. It is hoped this 
will be found useful to those students who wish to obtain 
detailed information from the original sources. 

I have pleasure in acknowledging the assistance I have 
received from Mrs. H. I. Coombs (Dr. F. M. Carter) for reading 
the whole of the manuscript, and from my colleagues Dr. W. 
Leach and Mr. C. G. C. Chesters for reading certain chapters, 
and for making many suggestions which have been incorporated 
in the text. I would also take this opportunity of thanking the 
following botanists for permission to use figures from their 
respective publications: Dr. G. F. Asprey, Mr. G. E. Briggs, 
Mr. K. W. Dent, Dr. L. E. Hawker, Dr. W. 0. James, Dr. F. 
Kidd, Dr. W. Leach, Professor J. H. Priestley, Mr. R. Snow and 
Dr. C. West. Acknowledgements are also due to the Council of 
the Royal Society for permission to use the blocks of figures 
9, 10, 18 and 47, the New Phytobgist and Cambridge University 
Ptess for figures 1, 2, 6 and 24, Annals of Botany and the 
Clarendon Press for figures 7, 55 and 56, and Annals of Applied 
Biology and Cambridge University Press for figure 44. 

WALTER STILES 

Birmingham 
28 October 1935 



PREFACE TO THE SECOND EDITION 


During the period which has elapsed since the appearance of 
the first edition of this book the development of plant physi- 
ology has been considerably retarded owing to the war of 1939- 
1945. The work of many plant physiologists was diverted for 
much of this period into more immediately utilitarian channels 
while difficulties in obtaining essential equipment caused con- 
tinual frustration. Nevertheless, a considerable amount of 
important work has been done which has brought about a 
change of outlook on a number of fundamental plant activities. 
This has necessitated the re-writing of considerable sections of 
this book, in particular those dealing with the water and salt 
relations of plants, enzyme action, respiration, photosynthesis, 
nitrogen metabolism, mineral nutrition and plant hormones. 
Apart from these major alterations, a number of minor changes 
have been made throughout the book. 

To my colleague Dr. S. Peat, F.R.S., I am indebted for 
information, unpublished at the time of writing this, of the 
course of degradation of starch by amylases, and to Annals of 
Botany and the Oxford University Press for the use of figure 7. 

WALTER STILES 

Birmingham 
181 March 1948 
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INTRODUCTION 


CHAPTER I 

THE SCOPE OF PLANT PHYSIOLOGY 

To the ordinary non-botanical observer there appear to be three obvious 
ways in which living things differ from non-living: in their capacity for 
taking in materials from outside themselves and building them up into 
their own bodies, in undergoing changes in form, structure and com- 
position which usually involve increase in complexity, and in their 
capacity for detaching from their bodies fragments which develop into 
fresh bodies similar to those from which they arise. These three obvious 
characteristics which distinguish the living from the non-living are 
respectively metabolism, development and reproduction. But there is a 
further characteristic of living matter which is not so apparent at first 
sight. When subjected to certain changes in the conditions external to 
it, the organism responds by undergoing changes frequently involving 
transferences of energy of a magnitude out of all proportion to those 
involved in the changes in the external medium. Thus tilting the axis 
of a bean seedling out of the perpendicular results in curvatures in the 
stem and root, so that the tips of these again come to be orientated 
vertically. Bringing the tendril of a pea in contact with a woody twig or 
some other kind of solid rod results in the tendril coiling round this. In 
so responding to changes in its environment the living organism is said 
to be irritable, and to possess the quality of irritability. 

Whereas it is the scope of morphology, in its widest sense, to deter- 
mine the structure, including the minute structure, of the plant, it is 
the aim of physiology to obtain an understanding of the way in which 
the plant lives and keeps alive; that is, to understand the working of 
the processes involved in metabolism, development, reproduction and 
irritability. These form four aspects of physiology which have developed 
to a great extent independently of one another, and it is convenient to 
consider these various aspects of the physiology of the plant separately. 
But it must always be remembered that these four aspects of the life of 
the plant are closely related to one another. For example, normal develop- 
ment can only proceed as a result of metabolism while reproduction can 
be regarded as a particular stage of development. 

As a preliminary to an understanding of the physiology of the plant, 

l 
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it is necessary to have a knowledge of the component parts of the plant. 
The plant is a machine, a particularly complicated one, working in a 
particular way, and like any other machine, its working can only be 
understood if knowledge of its structure and composition is adequate. 
In the case of the plant two methods of analysis have been employed 
for acquiring the requisite information, the morphological and the 
physico-chemical. Plant morphology, as already noted, has for its aim 
the determination of the form and structure of the plant. The study of 
external form of the plant early revealed the existence of different organs 
which were very naturally assumed to possess different functions. While 
it was also realized that the plant had an internal structure, it was only 
with the discovery of the compound microscope that this structure was 
at all adequately understood, and it came to be known that the plant 
was built up of small compartments or cells of extremely varied form 
and with very varied contents. The study of the internal structure of 
plants constitutes the branch of morphology called histology. With the 
elaboration of the microscope and the introduction of special methods of 
treatment of cells, the examination of the minute structure of the cell- 
wall and the cell contents was rendered possible, and the study of cytology 
came to rank as an important branch of morphology. 

But while morphology provides the necessary information relative to 
the structure of the plant, it does not provide other information which 
is extremely necessary to the plant physiologist, information with regard 
to the chemical composition of the various structures met with in the 
plant. We cannot hope to understand much about the physiological 
processes by which the plant is able to absorb material from the outside 
world and build it up into itself, unless we know something of the 
physical and chemical condition of the plant. The study of the physics 
and chemistry of the plant, biophysics and biochemistry, is of much 
more recent growth than plant morphology, and has revealed the fact 
that the physics and chemistry of the plant arc exceedingly complex. 

Theoretically these two methods of analysis, the morphological and 
the physico-chemical, should become ultimately identical, for morpho- 
logical analysis will only be complete when it has succeeded in laying 
bare the molecular structure of the plant, while the complete physical 
and chemical analysis of the plant should yield the same result. Indeed 
a meeting-place between these two essentially different methods has 
already taken place in the investigation of the plant by means of the 
ultra-microscope, by which it has been established that in plants we have 
to deal very largely with colloidal systems, so that a knowledge of 
colloid chemistry, a subject itself yet very imperfectly developed, is a 
requisite for a proper understanding of the structure of the living plant. 

It has been mentioned that the different aspects of plant physiology 
have developed very largely in independence of one another. The study 
of plant metabolism, involving the determination of the substances 
taken into the plant and their subsequent fate, has naturally developed 
largely as a chemical study, and as in all but lowly plants there is con- 
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siderable differentiation of function throughout the plant body, it is not 
surprising that metabolism has developed largely as a biochemistry of 
plant organs. The other sides of plant physiology have not so far lent 
themselves as readily to chemical methods of experimentation, although, 
as will be seen in the sequel, the application of chemistry and physics 
to various problems of growth, reproduction and irritability, has yielded 
results of great promise. Whether it will ever be possible to describe the 
whole of the life activities of the plant in terms of chemistry and physics 
no one can say. What is called the mechanistic view of the organism 
holds that all the processes and activities going on in it, and together 
constituting what is understood as life in biology, are completely sub- 
jected to the same physical and chemical laws as those which govern the 
non-living world, so that if our analysis were carried far enough the 
organism could be described as a physical and chemical mechanism. 
The outlook of the plant physiologist is essentially mechanistic and there 
is no positive evidence to suggest that the mechanistic conception of the 
plant is inadequate to explain the metabolic processes of plants. On the 
other hand it has been urged that development, reproduction and 
irritability are not in the least understood, and it must certainly be 
admitted that physico-chemical explanations of these characteristics of 
living things appear to be exceedingly remote; it does not follow, how- 
ever, that such phenomena are not physico-chemical phenomena rendered 
difficult of comprehension on account of the very great complexity of 
the system in which they are involved. Nevertheless, there are no 
grounds for asserting that a complete mechanistic explanation of these 
phenomena is indubitably possible. In any case an attempt at the present 
time to explain most of the activities of the organism in terms of physics 
and chemistry is out of the question, and J. S. Haldane even enunciated 
the view that ‘the problem of physiology is not to obtain piecemeal 
physico-chemical explanations of physiological processes but to discover 
by observation and experiment the relatedness to one another of all the 
details of structure and activity in each organism as expressions of its 
nature as an organism’. At the same time it is true that, as Hans Fitting 
has pointed out, for the conception of the plant as a unit it was necessary 
to have a proper understanding of the physiology of organs in order to 
obtain an idea of the physiological relations of the different parts to one 
another. 

We may, indeed, go further than this. The separate organs, each of 
which has a special function, are themselves built up of cells, and to have 
an understanding of the physiology of the individual organs it is neces- 
sary to understand the structure and activities of the individual cell. 
While cells differ largely among themselves in regard to structure and 
function, there are, nevertheless, certain characteristics common to all 
cells displaying vital activities. We are thus justified in speaking of a 
general physiology of the cell, a knowledge of which is a necessary 
preliminary to a study of the physiology of organs, just as this is neces- 
sary for a proper appreciation of the activities of the plant as a whole 



4 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

which are summed up in the terms development, reproduction and 
irritability. 

In this introduction to plant physiology it will therefore be con- 
venient to review our knowledge under the four different heads: general 
physiology of the cell, metabolism, development, including reproduction, 
and irritability. While such a division of the subject is in some respects 
arbitrary it has the merit of convenience as these divisions correspond 
very largely to aspects of the subject which have developed to a consider- 
able extent independently of one another. 

REFERENCES 

fitting, h., Die Pfianze als lebender Organismus. Jena, 1917. 
haldane, j. s., The New Physiology. London, 1910. 



CHAPTER II 


THE PLANT CELL 

It is a fundamental fact of plant anatomy that the bodies of all plants 
are built up of elements called cells. These elements are typically very 
small, only the largest being individually visible to the naked eye, so 
that while the smallest plants consist of a single cell, the larger ones are 
composed of millions of them, of various shapes and fulfilling various 
functions, but having been nevertheless derived by successive divisions 
from one original cell. In the unicellular organism the one cell that 
composes the whole plant body must of necessity fulfil all the vital 
activities of the plant. In multicellular plants, on the other hand, there 
is nearly always a so-called division of labour, different cells having 
different forms and carrying out different activities. 

The multicellular plant, in contrast to the multicellular animal, 
generally retains throughout its life a number of cells, apart from germ 
cells, which continue to divide actively. These meristematic cells are 
localized at the apices of stem and root and in the cambium and phello- 
gen of plants with secondary growth in thickness. While some of the 
products of division of meristematic cells thus remain meristematic, 
others lose their power of division, undergo various changes in size and 
shape and are modified into cells of various permanent tissues. All the 
same, it appears that in very many cases the cells of permanent tissues, 
so long as they remain alive, have a power of rejuvenation under certain 
conditions and can again undergo active division. 

The ordinary plant cell, in general contrast with those of animals, 
is provided with a more or less rigid envelope called the cell-wall, within 
which is the living substance, the protoplasm. Except in meristematic 
cells the protoplasm forms only a part of the cell contents, a vacuole or 
vacuoles consisting of an aqueous solution of various substances forming 
an inclusion or inclusions within the protoplasm. In most adult cells, 
indeed, the vacuole comprises by far the greater part of the cell interior, 
the protoplasm being limited to a thin layer lining the inside of the cell- 
wall. To this lining of protoplasm the name primordial utricle was at one 
time given. 

Although plant cells may vary tremendously in size, shape and func- 
tion, yet, so long as they are living they exhibit certain characteristics 
and behaviour in common; the characteristics and behaviour, in short, 
of living matter. It is with these properties of living matter in general 
and the living plant cell in particular that we are concerned in this first 
2 7 
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book, for an understanding of the general physiology of the plant cell 
is a necessary preliminary to a study of the functional and growth 
activities of the plant as a whole. 

PROTOPLASM 

v It has been stated above that all living cells contain protoplasm. 
While cells devoid of protoplasm do occur, sometimes in very consider- 
able numbers, in the plant body, such cells are dead and no longer 
possess the characteristics of living material. Such cells play a part, and 
often a most important part, in the life of the plant as a whole, but 
<£>nly cells containing protoplasm have the power of division or, having 
lost it, can regain this power of division. Once the protoplasm disappears 
from the cell this power can never be regained, and other characteristics 
of living cells are permanently lost, for these are bound up with the 
protoplasm.; It is thus true that the characteristics of living organisms 
which differentiate them from non-living material must be due to the 
protoplasm. It is therefore reasonable that our first inquiry into the mode 
of living of the plant organism should be into the nature, chemical and 
physical, of the living substance, w' 

It so happens that the first cells to be figured, those of cork observed 
by Robert Hooke in 1665, were dead, and it was not until much later 
that the importance of the cell contents was recognized, particularly as 
a result of the work of von Mohl and Schleiden in the middle years of 
the nineteenth century. The name protoplasm, coined by Purkinje in 
1889, was first used for the living substance of plants by von Mohl. The 
discovery of protoplasmic masses without any apparent envelope helped 
to the view that the protoplasmic contents are the essential part of the 
cell and the wall itself of less importance. 

Examination of living cells under the microscope shows that the 
protoplasm is not homogeneous. It contains, with very few exceptions, a 
spherical or ovoid body, the nucleus, and in the very few cases where 
such a nucleus is not present, as in bacteria, a number of granules with 
the staining properties of a typical nucleus have been observed, and pos- 
sibly function as a nucleus v The nucleus may sometimes occupy one-third 
of the total volume of the cell, but generally is smaller than this and may 
occupy less than one-hundredth of the cell volume. 

(Cither granules present in plant cells are the plastids . These are, as a 
rule, smaller than the nucleus, and a number of them generally occur in 
each cell. They are usually classified as chloroplasts, chromoplasts and 
leucoplasts according to their colour. Chloroplasts are green, chromo- 
plasts red, orange or yellow, and leucoplasts colourless. No doubt these, 
by the loss or development of pigment, can change from one into the 
other. In the higher plants they are most usually shaped like a biconvex 
lens, although other forms exist. In the filamentous green algae, how- 
ever, the green pigment is often contained in a comparatively large 
structure, such as the well-known spiral band of Spirogyra, and there 
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may be only one such chromatophore in each cell. Largely owing to the 
work of Meyer and Schimper round about the year 1883 it was for long 
supposed that plastids always arose by division of pre-existing plastids 
and never de novo. The most convincing proof of this was obtained by 
observations on the green algae, but in higher plants Schimper was able 
to demonstrate the presence of plastids in the embryo-sac and the meris- 
tematic cells of growing points. In these, both of roots and shoots, he 
obtained evidence of division of the plastids but none whatever of their 
arising de novo. 

Guilliermond and others, however, some thirty years later, held that 
in higher plants the plastids may arise from small rod-shaped granules 
called chondriosomes. A more recent review of the problem by Weier 
suggests that the small granules that develop into plastids may them- 
selves have arisen by division of pre-existing plastids and are indeed 
tiny plastids. Weier himself, after critically reviewing the evidence, 
thinks that there is genetic continuity of the plastids but that this has 
not been indubitably demonstrated. 

The nucleus and plastids are always embedded in the general ground 
mass of the protoplasm. To this general ground mass the distinguishing 
term cytoplasm is applied. Thus the protoplasm consists of cytoplasm, 
nucleus and plastids. 1 

^Under the ordinary microscope cytoplasm often has the appearance 
of a clear liquid, but sometimes a large number of small granules are 
clearly visible in it.^JIn animal cells some of these granules are the mito- 
chondria of Benda; these are said to be characterized by staining with 
Janus green, by containing a lipoid substance and by dissolving in fat 
solvents. It is possible that the mitochondria of animal cells are of 
similar nature to the chondriosomes of plant cells which have been said 
to develop into plastids. In other cases the granules may be small non- 
living inclusions consisting of fat, glycogen, protein or some other 
substance. 

x/fct has been stated above that the cytoplasm has the appearance of a 
clear liquid sometimes containing a number of tiny granules. There is 
considerable evidence that the cytoplasm usually has the properties of 
a liquid, although some observers have thought it to be of a more rigid 
nature; it is highly probable that the consistency of cytoplasm varies. 
But that cytoplasm generally behaves as a liquid is shown by (1) the 
assumption of a spherical form by drops of water enclosed in it, (2) the 
movement of small particles in it: the so-called ‘Brownian movement’ 
first observed by Robert Brown in 1827, (8) the assumption of a spherical 
form by the cytoplasm itself under the action of an electric shock, and 
(4) the streaming movement of the cytoplasm observable in many cells 

1 This is the ordinary usage of the terms protoplasm and cytoplasm, but it is 
not universal. Thus Lepeschkin writes: ‘I call the mostly colourless kind of living 
matter which surrounds the nucleus (which is also a kind of living matter), proto- 
plasm.' Seifriz writes of the plastids as cell inclusions, which perhaps suggests 
that he does not regard them as part of the protoplasm. 
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and the somewhat similar ‘amoeboid’ movements of Myxomycetes. 
There are, however, some cells in which these characteristics are not 
observable; in which, for example, Brownian movement has not been 
seen. In such cells it is likely that the cytoplasm is more rigid. 

There can be no doubt that cytoplasm is a colloidal system. The char- 
acteristic of a colloidal solution or sol is that the particles dispersed 
through it are not of small molecular dimensions, but either consist of 
aggregates of small molecules or are very large molecules: so large that 
their size is of the same order as that of an aggregate of a considerable 
number of small molecules. Colloidal solutions are, in fact, very fine 
suspensions (suspensoids) or emulsions (emulsoids) according as the dis- 
perse phase, that is, the substance dispersed through the liquid (disper- 
sion medium) is solid or liquid. 1 The granules to which reference has 
already been made, and which are visible under the ordinary microscope, 
can be regarded as constituting a coarse disperse phase of protoplasm, 
but it is generally held that the essential colloidal character of proto- 
plasm is related to the presence of much finer particles. Thus, Heilbrunn 
states that ‘it is certain that the protoplasm of practically all cells con- 
tain vast numbers of tiny granules’, some as much as 8 or 4 p in diameter, 
but most of them much smaller and almost at the limit of microscopic 
visibility. On the other hand, Lepeschkin states that the only particles 
observable in protoplasm under the ultra-microscope are the coarser 
granules visible under the ordinary microscope, and he concludes that on 
account of their character the smaller particles of the disperse phase are 
not visible under the microscope or ultra-microscope. He speaks of coarse 
disperse phases and colloidal disperse phases. 

The substances of which these disperse phase particles are composed, 
as far as we have knowledge of them, are such as are known to form 
colloidal systems with water, and the physical properties of cytoplasm 
in general are those of a colloidal system. It should be noted that the 
old idea that cytoplasm possesses a reticulate structure was based on 
observations of fixed (killed) and stained material. Such a reticulate 
structure appears to be produced by the process of fixing and not to 
exist in living protoplasm. Hardy showed that the structure of cyto- 
plasm observed in dead material could be varied by varying the method 
of fixation. 

It has been mentioned above that cytoplasm usually exhibits the 
characters of a liquid, but that in some cases its consistency is more 
rigid, or, at any rate, more viscous. Having regard to its colloidal char- 
acter, this means that the cytoplasm is usually a sol, but in some cases 

1 It is more usual now to classify colloids into lyophobe and lyophile systems. 
In the former, which correspond largely to suspensoids, the disperse phase has 
no affinity for the dispersion medium, whereas in the case of lyophile colloids .the 
particles of the disperse phase take up, and thus contain, a certain amount of the 
dispersion medium. The lyophile colloids correspond roughly with emulsoids and 
indude those which form jellies or gels. For further information on the classifica- 
tion and nature of colloids, works on colloid chemistry must be consulted. 
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it may approximate more to a jelly or gel, just as a solution of gelatin, 
a colloidal system, may have a liquid or gel consistency according to the 
concentration of the gelatin, temperature and other conditions. Of late 
years a number of attempts have been made to obtain relative or abso- 
lute values of the viscosity of cytoplasm, and various ingenious methods 
have been developed for this purpose. These have been critically exam- 
ined by Heilbrunn, who has pointed out that it is possible to measure 
both the viscosity of the cytoplasm as a whole, including the granules, 
and that of the intergranular material. Where the granules are very 
numerous the two values of the viscosity may be very different. Heilbronn 
measured the rate at which movable starch grains in the endodermal 
cells of the broad bean, Vicia faba, fall under the influence of gravity 
and compared this rate with that at which they fall in water. He 
found that the time taken for the grains to fall through a certain 
distance in the cell was about 8 times that taken for them to fall through 
the same distance in water, and concluded from this that the viscosity of 
the protoplasm of the cells in question is about 8 times that of water 1 — 
considerably less, that is, than the viscosity of sulphuric acid, which is 23 
times that of water, or of olive oil and glycerol, which possess respec- 
tively viscosities 99 and 1069 times that of water. Heilbrunn adduces 
evidence to show that Heilbronn’s results are probably too high, and he 
places the viscosity of the protoplasm of the endodermal cells of Vida 
faba at probably not more than 4 times that of water and certainly not 
more than 8. 

A second method used by Heilbronn for determining the viscosity 
of the cytoplasm consists in the introduction of small iron particles into 
the protoplasm of Myxomycetes which are then placed in a magnetic 
field. The magnetic force necessary to produce a certain movement of the 
particle was determined and from this the viscosity, on which the value 
of the required force would depend, was calculated. While results 
obtained by this method are not precise, Heilbrunn, after considering 
them critically, considers that they show that the protoplasm of the 
interior of the plasmodia of Myxomycetes (the endoplasm), possesses a 
viscosity not more than 15 to 25 times that of water and probably one 
much less than this. The outer layer of the plasmodium, the ecto- 
plasm, appears to possess a very considerably higher viscosity, in some 
cases approaching infinity. This suggests that the ectoplasm is of gel 
consistency. 

The values thus obtained for the viscosity of plant protoplasm are 
surprisingly low, but they agree with observations made by Ewart on 
protoplasmic streaming and with measurements of the viscosity of the 
protoplasm of sea-urchin eggs made by Heilbrunn. Indeed, here values 
in the neighbourhood of three times that of water were obtained for 
the viscosity of the intergranular fluid and of less than 11 times that 

1 It must, however, be pointed out that it is not certain whether the starch 
grains move through the cytoplasm or whether the starch grains, with a covering 
layer of cytoplasm, move through the vacuolar sap. 
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of water for the whole protoplasm. At 18 ° C. the viscosity of the proto- 
plasm of Amoeba dubia according to Heilbrunn is only about twice that 
of water. But the viscosity of some other animal cells, such as muscle 
cells and Protozoa, is probably very much higher. 

Information with regard to the viscosity of the protoplasm but of a 
less quantitative character has been sought by microscopic observations 
on the dissection of living cells, the procedure known as micro-dissection. 
The micro-dissection technique has been largely employed by two 
American investigators, Chambers and Seifriz. Their results suggest that 
protoplasm may vary greatly in viscosity, not only from one species to 
another, but also in the same cell at different times. Thus ‘the con- 
sistency of Myxomycete protoplasm when in the active vegetative state 
is liquid’, while in the mould Rhizopus the protoplasm ‘is of gel con- 
sistency, more usually that of a soft gel, is sticky, quite elastic, and very 
extensile, closely resembling bread dough in these physical properties’- 
A Myxomycete plasmodium increases in viscosity as it prepares to fruit. 
Changes in viscosity also appear associated with cell division and during 
the ripening and fertilization of ova, those of Fucus, for example. The 
results obtained by micro-dissection have been criticized by Heilbrunn, 
chiefly on the ground that the viscosity values of protoplasm obtained 
by this method are generally much higher than those obtained by other 
methods of measurement. That variations in viscosity do occur in proto- 
plasm has, however, been observed by other methods. Thus Price, from 
observations on Brownian movement by means of the ultra-microscope, 
decided that in resting spores of Mucor, for example, the protoplasm is in 
the gel condition, but that it becomes a sol on the germination of the 
spore. Seifriz observed that in a quiescent Amoeba the number of 
microscopically visible particles is small and the amplitude of their 
movement short, while in an active Amoeba all the microscopically visible 
particles except the largest exhibit movement, the amplitude of which is 
long. These results suggest the general conclusion that active protoplasm 
is more mobile than quiescent protoplasm, an increase in viscosity 
taking place as a cell becomes less active and passes into a resting 
condition. 

Seifriz has produced evidence in support of the view that protoplasm 
is elastic, that is, that it will return to its original form after deformation. 
The evidence for this is based on experiments in which a particle of 
magnetic metal was suspended in the protoplasm of the egg of the sea- 
urchin Echinarachnius and subjected to the attraction of an electro- 
magnet; after release from the magnetic attraction the particle returned 
to its original position. Were the protoplasm indeed elastic, the fact 
would be of the greatest importance in affording information with 
regard to its structure, and Seifriz himself pictures protoplasm as form- 
ing either an entangled mass of fibres or an orderly arrangement of chain 
molecules, but in view of Heilbrunn's criticism of the work just described 
and bis own observations on the plasmodia of Myxomycetes, which 
he finds are quite inelastic, it seems hardly possible to suppose that 
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protoplasm is generally elastic, although it may be in certain cases, as 
when it is in the gel state. 

There is little definite information with regard to the consistency of 
the nucleus and plastids. While Gaidukov and Price, from observations 
with the ultra-microscope, concluded that the nucleus is in the gel 
condition, Kite and Chambers concluded that the resting nucleus of the 
ovum is a sol, while Lepeschkin observed Brownian movement of the 
granules within the nucleus and Heilbrunn records the movement of the 
nucleolus within the nucleus under the influence of centrifugal force. 
Indeed, from the observations of Gray, Heilbrunn concludes that the 
viscosity of the nucleus of the egg of Echinus is only about twice that of 
water, in which case the nucleus is very fluid. 

If the conclusions of Heilbrunn with regard to the low viscosity of 
protoplasm should be well founded, it would appear that protoplasm 
belongs rather to the suspensoid or lyophobe colloids than to the emul- 
soid or lyophile colloids. Certain other evidence points in the same 
direction. 

The stability of colloidal systems depends largely on the fact that the 
particles of the disperse phase carry an electric charge. There is a certain 
amount of evidence that in the case of protoplasm this charge is positive. 
Thus Hardy showed that when an electric current is passed through the 
tip of the onion root the protoplasm migrates to that side of each cell 
nearer the negative pole. The movement of colloidal particles in this way 
is known as cataphoresis and the movement of the particles towards the 
negative pole indicates that they carry a positive charge. Sen, in passing 
an electric current through the root hairs of Azolla pinnata, found that 
the particles in the protoplasm in the middle part of the hair invariably 
migrated to that part of the cell nearest the anode, thus again showing 
that the particles carry a negative charge. A number of similar, though 
less definite, examples of this cataphoretic effect in protoplasm have been 
noted. 

There are, however, reasons for supposing that the definition of 
protoplasm as a suspensoid or lyophobe colloid is insufficient. Chief 
among these are the results of chemical analyses of protoplasm. In this 
connexion it has to be remembered that the ordinary methods of 
chemical analysis bring about changes in the protoplasm so that it no 
longer has the attributes of living matter; it is, in fact, dead. It is also 
difficult to separate protoplasm from other cell constituents. Hence, 
analyses of plant protoplasm have chiefly been of the plasmodia of 
Myxomycetes which consist of protoplasm to a greater extent than 
any other plant material available. Three such analyses are given in 
Tables I— III, the first the classic analysis of Reinke and Rodewald, the 
results of which were published in 1881, the second and third the more 
recent analyses of Lepeschkin and Kiesel, published in 1924 and 1925 
respectively. 
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Table 1 

Analysis of the Plasmodium of Aethalium septicum ( = Fuligo varians) 

(Reinke and Rodewald) 

Substance Percentage of 

dry weight 

Proteins ......... 400 

Albumins and enzymes 15*0 

Other nitrogenous compounds . . . . . 2 0 

Fats 120 

Carbohydrates ........ 12*0 

Cholesterol 2*0 

Resins 1*2 

Calcium salts (except calcium carbonate) .... 0-5 

Other salts ......... 6*5 

Undetermined matter ....... 6*5 

Table II 

Analysis of the Plasmodium of a Myxomycete resembling Fuligo varians 

(Lepeschkin) 

Percentage of 

Substance dry weight 

A. Water-soluble organic substances chiefly contained in the vacuoles : 

Monosaccharides 14*2 

Proteins .......... 2*2 

Amino-acids, purine bases, asparagine, &c. .... 24*3 

B. Insoluble organic substances which principally form the ground 

mass of the protoplasm : 

Nucleo-proteins ......... 32*3 

Free nucleic acids ........ 2*5 

Globulin .......... 0*5 

Lipo-proteins (plasmatin) 4*8 

Neutral fats ......... 6*8 

Phytosterol .......... 3*2 

Phosphatides . . . . . . . . .1*3 

Other organic matter (polysaccharides, pigments, resins) . . 3*5 

C. Mineral matter, of which about half is extractable with water . 4*4 

Table III 

Analysis of the Plasmodium of Reticulctria lycoperdon 

(Kiesel) 

Percentage of 

Substance dry weight 

Fat 17*85 

Lecithin 4*67 

Cholesterol 0*58 

Reducing carbohydrates 2*74 

Non-reducing soluble carbohydrates (exclusive of glycogen) . . 5*82 

Glycogen 15*24 

Polysaccharides, hydrolysable with difficulty . . . . .1*78 

Extractives (containing nitrogen) 12*00 

Proteins* including plastin 29*07 

Nucleic add 8*68 

Oil of ledthoproteins (?) 1.2 

Unknown substances 5*87 
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Analyses of the cytoplasm of the cells of cabbage-leaves were pub- 
lished by Chibnall and Channon in 1927. The average of values given by 
six analyses are shown in Table IV. 

Table IV 

Composition of Cytoplasm of Cabbage-leaves 


Percentage of 

Substance dry weight 

Protein ......... 63-1 

Ether-soluble substances (fats, lipoids, &c.) . . . 20-75 

Ash 6-45 

Undetermined 9-5 


These analyses indicate that the chief constituents of the protoplasm 
are water, proteins and fatty (lipoid) substances, while micro-chemical 
tests also show the presence of proteins and lipoid substances in the 
protoplasm, and these are substances which can form lyophile or emul- 
soid systems. {According to Lepeschkin, the dispersion medium of the 
protoplasm is not pure, or almost pure, water, but a combination of 
water, lipoids and proteins. It cannot be water because the protoplasm 
does not mix with water. It does, however, contain much water and 
Lepeschkin thinks of it as taking up water to a certain maximum 
amount, any water taken up by a cell above this amount presumably 
separating as a vacuole. Also it appears that water passes readily 
through the protoplasm, another indication, were one needed, that the 
dispersion medium of protoplasm contains water. Further, most sub- 
stances dissolved in water penetrate through protoplasm very slowly 
but, as Overton showed, substances soluble in lipoid substances pass 
through the protoplasm readily. This, according to Lepeschkin, indicates 
that the dispersion medium contains lipoid substances, while the presence 
of proteins is supposed to be indicated by observations of Pfeffer that 
weak acids, salts of heavy metals and other substances which exert no 
influence on lipoid substances, but which modify the properties of 
proteins, also enter cells readily. But the proteins, lipoids and water 
must be so intimately associated that particles are not observable, and 
Lepeschkin thinks the lipoids and proteins are combined in some form 
which is easily broken down. Into this combination water is taken in some 
way up to a limiting amount. It is suggested that in different species 
there are probably different combinations. 

' The various particles forming the disperse phases of protoplasm are, 
according to Lepeschkin, roughly of three kinds, (a) microsomes, 
(6) granule, and (c) mitochondria, chondriosomes, or chondriokonts. 
The microsomes appear to be protein, sometimes denatured, sometimes 
not. The granule also appear to be proteins and are often of a solid 
character. Some appear to dissolve in water,' others appear to swell up 
andT to be jelly-like. The smaller particles, on the other hand, which 
appear to constitute the greater part of the disperse phase material, are, 
judging from their behaviour towards dyes and other reagents, probably 
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composed of a protein-lipoid combination which is certainly different 
from that composing the dispersion medium. 

Lepeschkin thus thinks of protoplasm as a polyphase system con- 
taining a protein-lipoid-water dispersion medium, and disperse phases 
which are partly suspensoid or lyophobe, partly emulsoid or lyophile. 
One of the reasons for supposing that protoplasm, at any rate to some 
extent, is an emulsoid system, namely, that it contains substances which 
form such systems, has already been stated (cf. p. 15). Another reason 
given by Lepeschkin is that measured values of the viscosity of proto- 
plasm are too high for a suspensoid sol. But we have already noted that 
Heilbrunn concludes that protoplasm is a suspensoid very largely on 
account of the low viscosity of the protoplasm. 

A third view of the structure of protoplasm has been put forward by 
Seifriz. It has already been mentioned that Seifriz regards protoplasm as 
elastic. It must be remembered, however, that this view of the elasticity 
of protoplasm as distinct from that of membranes surrounding the proto- 
plasm, is by no means generally held. There is no doubt that naked cells 
and nuclei are extensible and more or less elastic, but it is one view that 
the cells are surrounded by a membrane which is elastic, the protoplasm 
itself being no more elastic than water contained in an indiarubber 
bladder. This can be deformed by pressure and the water along with it, 
and recovery of the original form will take place after removal of the 
pressure, but it is the indiarubber which is elastic, not the water. Simi- 
larly with the protoplasm, it may only be the surrounding membrane 
which is elastic, not the liquid protoplasm within. However, Seifriz 
regards this supposed elastic property of protoplasm as of the greatest 
importance in affording information with regard to its structure. There 
is certain work of Freundlich and others which indicates that colloid 
systems with rod-shaped particles are elastic while those with spherical 
particles are not. Since, then, elastic colloid systems have a fibrous 
structure and protoplasm is also elastic, it is held that protoplasm has a 
fibrous structure. Moreover, its high elasticity, its rigidity and its capacity 
for imbibitional swelling are held to indicate that it is in the gel state. 
This condition would, however, apparently include a system similar to 
that of a weak solution of gelatin which does not set, for Seifriz says 
that it ‘makes little difference what we call protoplasm whether sol or gel 
so long as we remember that its physical properties are the properties of 
jellies. If the ability to flow is our criterion of the sol state, then proto- 
plasm is usually, but by no means always, a sol; but there are other 
indicators of the colloidal state such as elasticity, rigidity, and imbi- 
bition, and these are gel characteristics’. 

) Seifriz therefore pictures protoplasm as forming either an entangled 
mass of fibres or an orderly arrangement of chain molecules, and it is 
interesting to note that food substances found in living cells, starches, 
fats, and proteins are generally regarded as characterized by possessing 
molecules made up of chains of groupings. jBeifriz indeed at one time said 
that none possess a cyclic structure, but that we must now regard as 
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very doubtful as it is now generally held that sugars, long supposed to 
have a chain structure, are really cyclic. 

( In fixed cells a fibrous structure of the protoplasm has often been 
observed, but whether this means that the structure of the living proto- 
plasm is also fibrous, is doubtful. Hardy was able to obtain a number of 
different structures out of the same material by altering the method of 
fixation so that it is likely that none gave a picture of the living material. 
To criticism of this kind Seifriz has replied that artefacts arise only from 
pre-existing conditions which determine them. The fibrous structure seen 
in fixed cells may be the result of coagulation at death, but only of already 
existing strands or fibrous units of colloidal or molecular dimensions,' the 
agglutination of which yields linear aggregates of microscopic size. 

There are thus in the field at present really three views of the struc- 
ture of protoplasm which regard it as, respectively, (a) a suspensoid sol, 
(b) an emulsoid sol, (c) a gel. But the upholders of all these views would 
readily admit that protoplasm is not a constant material and that it is 
capable of undergoing wide variations in consistency. We may in any 
case accept Bayliss’s view of protoplasm, that it is ‘an extraordinarily 
complex heterogeneous system of numerous phases and components, 
continually changing their relations under the influence of electrolytes 
and other agents’. 

Such a view is scarcely in keeping with what was known as the 
‘biogen’ hypothesis, formulated definitely by Verworn in 1903, though 
traceable as far back as 1867, which supposed protoplasm to be a sub- 
stance possessed of a very large molecule, or biogen, with a large stable 
nucleus and side groupings capable of undergoing various reactions 
which constituted the activities of the cell. While there was never much 
evidence for such a view, rather have we to-day to think of protoplasm 
as possessing its characteristic qualities, partly no doubt on account of 
the actual chemical composition of the constituent phases, but especially 
on account of its physical structure, which is, of course, partly conditioned 
by the chemical composition of its constituents. 

In this medium we know that a large number of different reactions 
proceed. We can conceive of a number of different reactions taking place 
contemporaneously in the same cell by supposing that different reactions 
take place in the different phases or at their surfaces. It has been noted 
above that besides the dispersion medium, Lepeschkin differentiates at 
least three disperse phases, and besides these such bodies as the nucleus 
and plastids must be regarded as phases of the protoplasm. All the same 
the separate phases must not be thought of as independent of one 
another, for in such a polyphase system a disturbance in any one phase, 
by upsetting the equilibrium of the system, may result in changes 
throughout the whole protoplasm. 

/With such a view of the living substance we can understand that 
it can vary not only from plant to plant, but from cell to cell in the 
same plant and in the same cell at different times.^It is essentially a 
system capable of continual change and of infinite variety. Indeed, the 
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different structure and behaviour of different species must be attributed 
to differences in the composition, structure, and organization of the 
protoplasmic system. 

In such heterogeneous systems as the protoplasm, one of the most 
important characteristics is the great extent of surface, that is, of 
boundaries between phases, and many of the reactions taking place in 
the cell are no doubt surface reactions taking place at the junction of 
two phases. But apart from these internal phase boundaries, the import- 
ance of which no one would deny, considerable discussion has centred 
round the limiting surfaces of the protoplasm itself. At its outer surface 
the protoplasm is in contact with cell-wall or external medium, at its 
inner surface, in the case of vacuolate cells, with the cell-sap in the 
vacuole. At these boundaries it is generally held that there are thin 
layers possessing properties different from those of the bulk of the proto- 
plasm and known as the plasmatic membranes, or plasma-membranes. 
A discussion of this question follows in the next section of this chapter. 


THE PLASMATIC MEMBRANES 

There are a number of reasons for supposing that the outermost 
layer of the protoplasm differs in constitution from the bulk of it, so 
that it forms a very thin membrane separating the body of the proto- 
plasm from the bordering medium. Such membranes appear to have been 
hypothesized by Pfeffer in 1877 who gave to them the name plasmatic 
or plasma-membranes, the outer one bordering the cell-wall (or external 
medium in the case of cells devoid of walls) being the outer plasmatic 
membrane, and the inner bordering the vacuole being the inner plas- 
matic membrane. De Vries used the terms ectoplast and tonoplast (or 
vacuole wall) respectively for these membranes. To-day the membranes 
are most usually called the inner and outer plasma-membranes. 

Since these membranes are not morphologically obvious, it is neces- 
sary to inquire into the arguments for their existence. These arguments 
are as follows: 

1. In the preceding section of this chapter it has been shown that 
there are in the field three views of the structure of protoplasm according 
to which it is regarded respectively as (1) a suspensoid sol with an 
aqueous dispersion medium, (2) a sol with a protein-lipoid-water dis- 
persion medium immiscible with water, and (8) a gel. It has also been 
pointed out that there is reason to believe that protoplasm is capable of 
passing from one to another of these conditions. 

With the second and third of these views it is possible to understand 
that protoplasm can remain intact in contact with water, but under the 
first view it would appear necessary for the protoplasm to be separated 
by a membrane of some kind under such a condition, as otherwise it 
would mix with water and so disappear. Such, indeed, is sometimes the 
case, when the protoplasm is said to exhibit ‘decomposition by diffluence’, 
but more usually drops of protoplasm in water remain separate from it 
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and intact. Such behaviour of protoplasm has been observed many times 
during the last hundred years, and in very many and various species, 
although it is more easily observable and noticeable in some species than 
in others. In Vaucheria, for instance, the formation of droplets of proto- 
plasm exuded from the filament is very easily observed. Also there are 
quite a number of lower forms in which, no cell-wall being present, 
the protoplasm appears to remain normally in direct contact with the 
external medium. 

This affords one argument for the existence of a plasma-membrane, 
but it is based on one particular view of the structure of protoplasm and 
on special cases: isolated droplets of protoplasm and naked cells. There 
are, however, other reasons for supposing a membrane surrounds the 
protoplasm. 

2. If protoplasm forms a substance immiscible with water, where it 
comes into contact with water or with any other medium with which it 
docs not mix, according to physico-chemical laws any substances present 
in either protoplasm or external medium, which lower the surface ten- 
sion at the interface, will tend to accumulate at the surface, so.that the 
concentration of such substances in the surface layer will be higher than 
in the bulk of the protoplasm or external medium, respectively. Now the 
proteins, and particularly the fatty substances which form so consider- 
able a part of the protoplasm, are substances which lower surface tension 
considerably at a water-air interface, and it is highly probable that they 
will behave similarly in the case of the protoplasm in contact with cell- 
wall, cell-sap, or other medium. Thus there is every reason to suppose 
that at the surface of the protoplasm there is a thin layer of material 
differing physically and chemically from the bulk of the protoplasm. 
Ramsden showed that at the surface of separation of a protein sol with 
some other phase a thin rigid film can form, possibly by the protein 
which accumulates at the surface undergoing some change. The forma- 
tion of a similar membrane at the surface of the protoplasm is, at any 
rate, a possibility. 

8. Observation of some cells under the ordinary microscope reveals 
the presence of a surface layer differing in appearance from the general 
mass of the protoplasm. In Myxomycetes there is a clear outer layer to 
which the name hyaloplasm is given, but this layer is not of general 
occurrence in plant cells, and it is presumably not to be identified with 
the plasma-membrane supposed to be present in all cells. 

Sometimes in cells that have been killed the protoplasm appears to 
be bordered by a very fine membrane. Such a membrane is not visible in 
living cells and it is open to question whether the membrane observed 
in the killed protoplasm is a former membrane present in the living cell 
changed and rendered visible by the killing process, or whether it is 
produced for the first time when the cell is killed. 

Observations with the ultra-microscope are conflicting. In some cells, 
for example those of the leaf of Elodea canadensis, Price could discern 
no indication of a differentiation of the protoplasm into an inner and 
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outer layer, while in other cases, for example the cells of the hairs of the 
stem and leaf of Cucurbita, he thought he could make out a very thin 
membrane at the protoplasmic surface. In the hairs of the tomato there 
also appears to be an outer layer of protoplasm differentiated from the 
rest, although it seems likely that this is to be identified with hyaloplasm 
rather than with a plasma-membrane. 

4. Study of protoplasm by the method of micro-dissection has led 
Seifriz to conclude that in Myxomycetes and Amoeba there is definite 
evidence of an exceedingly thin plasiiia-membrane forming a film out- 
side the hyaloplasm. 

5. The behaviour of cells when put in water or aqueous solutions can 
be explained on the supposition that the outermost part of the proto- 
plasm acts as a membrane allowing easy passage to water but barring 
the passage of dissolved substances, and in particular, those within the 
cell. The water is, in fact, absorbed by osmosis through a semi-permeable 
membrane. The question of the water relations of the cell will be dealt 
with in detail in the next chapter, but it may be pointed out here that 
in the case of a vacuolate cell the whole body of the protoplasm can be 
regarded as forming a membrane separating the cell-sap in the vacuole 
from the outer medium, so that there is no need to hypothesize the 
presence of additional membranes limiting the protoplasm on its outside 
and inside. Further, some writers have urged that the absorption of 
water by non- vacuolate cells can be explained without invoking a plasma- 
membrane. 

6. Just as the behaviour of the cell towards the absorption of water 
has been explained by means of a plasma-membrane, so has the 
behaviour of the cell in regard to the absorption of dissolved substances. 

Some substances pass readily into cells while others enter slowly or 
not at all. Such behaviour at once suggests that of non-living membranes 
of different kinds in regard to the passage of dissolved substances through 
them. However, other explanations in terms of absorption and chemical 
combination are possible and equally credible, while a quantitative 
examination of the problem shows that the passage of dissolved sub- 
stances into cells is a more complex one than the passage of similar sub- 
stances through artificial membranes. From a consideration of the data 
of solute absorption by cells it can be concluded that the phenomena of 
this solute absorption shed little light at present on the question of the 
plasma-membrane. 

7. Living cells and tissues offer an unexpectedly great opposition to 
the passage of an electric current; that is, they possess a high electrical 
resistance. The same cells and tissues when killed may exhibit a resistance 
of only one-tenth of that of the living material. This phenomenon has 
been explained on the ground that the plasma-membrane in the living 
cell offers a considerable resistance to the passage of the ions which carry 
the current; this resistance more or less disappears when the cell is killed. 
Here again other explanations are possible. Thus the death of the cell 
may involve the breaking down of complex compounds with a conse- 
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quent increase in the concentration of electrolytes. Also, if the resistance 
of the membrane to an electric current is greatly reduced by the death 
of the celt, so may be the resistance of the whole of the protoplasm, and 
if this is so the need for a membrane to explain the observed facts 
disappears. 

Although much of the evidence for the existence of plasma-mem- 
branes does not withstand criticism, there is, nevertheless, probably a 
balance of evidence in favour of the presence of a thin limiting membrane 
surrounding the cell. It is clear that such a membrane must be very thin 
while the actual thickness can only be estimated very roughly. Seifriz 
thinks the thickness of the plasma-membrane is of the order of magnitude 
of 0-1 (i, or 0-0001 mm. while Coliander and Barlund, from considerations 
of the rate of penetration into cells of non-electrolytes and their solubility 
in fats come to the conclusion that this is probably a maximum value. 
As regards the composition of the plasma-membrane, it would seem 
likely, from the preceding considerations, to contain materials present 
in the protoplasm, though in different concentrations and proportions, 
and perhaps altered. Thus various workers have urged the presence in 
the membrane of proteins, fats, and the more complex fatty or lipoid 
substances. If the membrane' Has a real existence it is Bk'ely that it con-* 
tains all these substances. Various opinions have been expressed of the 
way in which the different constituents of the plasma membranes are 
held together. For an account of modern views on this subject the book 
by Davson and Danielli on The Permeability of Natural Membranes may ( 
be consulted. 

In this connexion it is worth while calling attention to what Heil- 
brunn has called the ‘surface precipitation reaction’. Heilbrunn, it will 
be recalled, regards protoplasm as a suspension with an aqueous disperse 
phase which, in contact with water, will mix with it unless separated 
by a membrane. It has already been mentioned that such a mixing of 
protoplasm with water, the diffusion, for example, of a drop of proto- 
plasm through a mass of water, sometimes takes place. But, quite com- 
monly, the protoplasm retains its individuality, and, according to Heil- 
brunn, this must be due to the formation of a film round the surface of 
the protoplasm. Now, although it is true that protoplasm contains sub- 
stances which lower the surface tension of water at a water-air interface, 
and it is also true that such substances will be present at the interface in 
higher concentrations than in the body of the protoplasm (that is, will 
be adsorbed at the surface), Heilbrunn holds that the films which form 
round masses of protoplasm cannot be adsorption films for the following 
reasons: (a) between water and the aqueous phase of protoplasm there 
is no surface of separation at which such films could form, ( b ) low tem- 
perature favours adsorption but retards the formation of surface films 
on the protoplasm, (c) in cases of various animal cells, namely the eggs of 
Stentor, Arbacia , and Echinarachnius in which the film formation has 
been studied the presence of calcium is necessary although the calcium 
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can be replaced by strontium, but not by magnesium. In these animal 
eggs pigment granules are present and it has been shown that these 
latter are also necessary for membrane formation. 

The whole process has been compared by Heilbrunn to blood coagu- 
lation. This consists of two stages, a first stage requiring calcium which 
results in the formation of thrombin, and a second stage in which the 
thrombin produces a clot by combining with fibrinogen and for which 
calcium is not necessary. Clotted blood contains thrombin, and so the 
serum (containing thrombin) which exudes from a clot can bring about 
the clotting of fresh blood in absence of calcium, as only the second stage 
in the reaction is involved. Similarly it appears that in the case of these 
animal eggs a preparation of the broken-up eggs contains a substance 
which can produce a surface precipitation reaction in absence of calcium. 

In the case of protoplasm from the sea-urchin eggs a similar pair of 
reactions is hypothesized, a substance, ovothrombin, being formed which, 
is comparable to thrombin. The stages in the process of membrane 
formation are therefore supposed to be: 

(i) Calcium + pigment granules — >■ ovothrombin. 

(ii) Ovothrombin + protein — >■ membrane. 

It is suggested by Heilbrunn that if such a reaction is common to all 
cells it would be better to give the name cytothrombin to the inter- 
mediate product. Heilbrunn suggests that the surface precipitation 
reaction does not occur in the cell interior because of the absence of free 
calcium ions. Presumably for some reason these become released at the 
surface of naked protoplasm. Should any action bring about the release 
of free calcium ions in the interior the surface precipitation reaction 
should take place inside the cell. 

Similar conclusions regarding the importance of calcium for mem- 
brane formation have been drawn by Sen from work on plant cells, 
namely, the root hairs of Azolla pinnata. When such a root hair is punc- 
tured in a 0-38 M. solution of calcium chloride, or when a root hair is 
immersed in this solution after being subjected to an electric shock, a 
treatment which, according to Sen, brings about readier entrance of salts 
into the cell, spherical particles are precipitated in the protoplasm which 
coalesce into larger globules, sometimes of a diameter of about 2 p. Sen 
regarded this behaviour as indicating that calcium contributes rigidity 
to the protoplasmic membrane and that it possesses the capacity to 
restore injury. It was observed with Azolla also that strontium produces 
the same visible effect as calcium. 

THE VACUOLE 

In meristematic cells the protoplasm occupies the whole of the cell 
interior, but as the cell passes out of its meristematic condition a small 
number of less viscous inclusions appear within the protoplasm. These 
watery inclusions, the vacuoles, increase in size until they may merge 
with one another so that in most adult cells the vacuole occupies nearly 
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the whole of the cell interior, the protoplasm being limited to a thin layer 
lining the cell-wall. 

The development of the vacuole obviously results from the absorp- 
tion of water by the meristematic cell, the usual explanation of this 
absorption being that the outer layer of the protoplasm, the plasmatic 
membrane, acts as a semi-permeable membrane enclosing an osmotically 
active solution, so that from a solution of lower osmotic pressure water 
will be absorbed into the cell. The mechanism of this water absorption 
will be discussed in more detail in the next chapter. But however the 
water is absorbed some explanation is obviously necessary to account 
for the separation of water as vacuoles and for the maintenance of these 
as phases distinct from the protoplasm. For we have seen that the latter 
is a colloidal system with an aqueous dispersion medium, or at any rate, 
a dispersion medium containing much water, and at first sight it would 
appear that absorbed water would mix intimately with the dispersion 
medium. 

Two explanations with some credibility have been put forward to 
account for this separation of the vacuole from the more viscous proto- 
plasm. Lepcschkin’s view has been indicated in the previous section of 
the present chapter. According to him the protoplasm has no limiting 
membrane, but its dispersion medium is a protein-lipoid compound 
with water which can only be taken up to a certain limit, that is, to a 
sort of saturation point. Any water in excess of this must separate out 
as vacuoles. The weakness of this view is that it affords no explanation 
of why water should be absorbed beyond the saturation point of the 
protoplasm. 

Quite a different view of vacuole formation is taken by Heilbrunn. 
It will be recalled that this writer emphasizes the necessity for a mem- 
brane surrounding protoplasm in contact with water if the two liquids 
do not mix, and he puts forward the theory of the surface precipitation 
reaction to account for the formation of such a membrane. According 
to Heilbrunn, the same reaction gives rise to vacuolation, or at least, to 
that type of vacuolation which consists of the appearance of a number 
of small vacuoles in the protoplasm, and which appears to be identical 
with what is called cytolysis in the eggs of sea-urchins, and which can be 
produced in plant cells by a variety of agents, such as distilled water, 
acids, alkalies, an electric current, mechanical injury, and high tem- 
peratures. The sequence of events is (1) the setting free of calcium ions 
in the cell interior, (2) the reaction of the calcium with (in the sea-urchin 
e gg) a pigment granule or some constituent of it, or (in other cells) some 
similar substance, presumably to produce ovothrombin, and (8) the 
reaction of the ovothrombin with a substance in the protoplasm, probably 
a protein, to cause vacuolation. 

While it is clear in this scheme how the material of the membrane 
might be precipitated in the protoplasm it does not appear clear why 
the material should be deposited in the form of spherical films sur- 
rounding liquid of a more aqueous consistency than the bulk of the 

8 



24 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

protoplasm. Nor is it clear whether Heilbrunn’s theory of the formation 
of small vacuoles in protoplasm by numerous reagents can be extended 
to the case of the normal formation of the large vacuoles characteristic 
of the plant cell. The theory is, at any rate, interesting and ingenious. 

The vacuole is generally regarded as consisting of an aqueous solution 
of various crystalloidal substances, and this is no doubt true in general 
as the osmotic pressure exerted by the cell, and the chemical analysis 
of expressed cell-sap, both indicate. These dissolved substances are, how- 
ever, very varied. Organic acids such as malic and oxalic are frequently 
prominent, while in some Crassulacae, soluble salts of malic acid may 
compose half the dry weight of the sap. In some plants inorganic salts 
are present in quantity. Thus in the leaf-stalks of Gunnera scabra potas- 
sium chloride appears to be the chief solute in the vacuole, while in the 
pea, bean and maize, the sap contains much potassium nitrate. In yet 
other plants, sugars are present in quantity, as in the onion bulb, beet, 
root, and many other storage organs. The vacuoles of cells in many 
plants contain tannin. 

It also appears that a certain amount of colloidal material may be 
present in, at any rate, some vacuoles, for particles of ultra-microscopic 
dimensions have been observed in vacuoles by means of the ultra- 
microscope. Also, more rarely, solid particles may be present, as in some 
desmids, the vacuoles in which contain small granules of calcium sulphate. 

As is well known, pigments may sometimes be dissolved in the vacuole. 
These belong to the group of pigments known as anthocyanins which are 
glucosidal substances, being formed of a sugar grouping combined with 
a coloured component of heterocyclic structure known as an antho- 
cyanidin. Such pigments, as a rule, give a blue, purple, purplish-red, or 
crimson colour to the cell-sap. They are familiar in the petals of numerous 
flowers, in the roots of the red beet and of Tolmiea menzesii, frequently 
in young leaves and sometimes in ageing leaves. The yellow colour of the 
petals of some flowers, as for example, those of some varieties of Antir- 
rhinum, are due to yellow pigments called flavones, chemically related to 
anthocyanidins. 

Measurements have been made of the hydrogen-ion concentration of 
the liquid in the vacuole of a wide range of cells, both by microchemical 
tests and by examination of the expressed sap from plant tissues. As a 
result it is clear that the liquid in the vacuole is nearly always acid, 
although occasionally sap has been found with a pH slightly on the 
alkaline side of the neutral point. While the range of pH observed in 
different cells extends from 0-9 to 8, a pH value of about 5 can be' 
regarded as the most general. 

THE CELL- WALL 

Although some plant cells such as a few unicellular algae and germ 
cells are unprovided with cell-walls, the vast majority of plant cells 
possess this envelope, which must therefore be regarded as a normal part 
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of the plant cell, a feature in which plant cells stand generally in contrast 
to those of animals. 

Cell- walls are very varied in appearance owing to differences in struc- 
ture and composition, which are closely related to the various functions 
of cells and tissues. 

. When a cell divides the first membrane to appear between the two 
daughter nuclei is the so-called ‘cell-plate’. The fate of the cell-plate is in 
doubt. According to one view it divides longitudinally and wall material 
is deposited between the two halves, while according to the other view 
the cell-plate itself develops into the wall by the deposition of fresh 
material on or within it and possibly by a change in its own composition. 
However this may be, the cell-plate becomes replaced by the middle 
lamella. The composition of the cell-plate and middle lamella is un- 
known, but the material composing the latter has been held by different 
investigators to be pectin (see Chapter VIII), calcium pectate, a simple 
cellulose or lignin. On this middle lamella subsequent layers are deposited. 

The new wall separating the daughter cells after cell division is an 
apparently homogeneous thin structure, and so long as cells remain 
meristematic their walls remain thin. As a cell-wall gradually develops 
into a constituent of a permanent tissue the wall thickens, new material 
being added by protoplasmic activity. Such material is apparently added 
in two different ways known as (1) growth by apposition, in which fresh 
particles are laid down on the inner surface of the existing wall, and 
(2) growth by intussusception, where the new particles are deposited 
among the particles of the existing wall. 

Walls of adult cells appear to be composed of microscopically dis- 
tinct layers. It has been usual to differentiate these layers of the mature 
wall into three groups: (1) middle lamella, (2) primary wall and (3) 
secondary wall, but different writers have not all used these terms in the 
same sense. Anderson has urged that for the sake of clarity the sig- 
nificance attached to these terms by Kerr and Bailey should be generally 
adopted. These authors define these terms as follows: 

1. The middle lamella consists of amorphous isotropic 1 material first 
deposited by the cytoplasm and more usually considered to consist largely 
of pectic compounds. 

2. The primary (or cambial) wall is the first anisotropic layer of the 
wall to be deposited and consists chiefly of cellulose and pectic substances. 
It is capable of growth and reversible changes in thickness. 

8. The secondary wall comprises layers deposited on the primary 
wall. With the formation of the secondary wall the cell no longer retains 
the power of enlargement. 

The outer layers of the cell-wall in parenchymatous tissues are com- 
posed chiefly of celluloses, which, as is well known, are substances yield- 
ing glucose on hydrolysis, and which are therefore condensation products 

1 Isotropic bodies are similar in physical properties in all directions and are 
contrasted with anisotropic bodies in which the arrangement of the molecules 
and, consequently, the physical properties, are different in different directions. 



26 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

of glucose, that is, they are glucosans. Similarly, condensation products 
of other sugars such as mannose, galactose, and xylose may be present 
as well as pectin. Substances intermediate in structure and complexity 
between the sugars and their condensation products have also been 
reported as present in so-called cellulose cell-walls. Apart from these 
carbohydrate constituents, which certainly make up by far the greatest 
part of the cell-wall, it is possible that fatty substances may be present, 
while a certain amount of inorganic material, principally calcium oxide, 
calcium carbonate and silica, is often present. Cell-walls always contain 
a certain amount of water. 

In 1864 Nageli put forward a theory of the structure of the cell- 
wall according to which the latter consists of minute units or micellae, 
so arranged that although they form definite layers, each micella is 
separated from its neighbours by a layer of water. 

Current views on the structure of the cellulose wall have been greatly 
influenced by the results of work in which polarized light and X-radia- 
tion has been used for the determination of the constitution of cellulose 
and the structure of the wall. As a result of this work it appears that the 
cellulose molecule consists of a chain of anhydrous glucose groups each 
such group being connected with the next through an oxygen atom. 
The chain constituting the cellulose molecule, according to Haworth, 
comprises about 200 glucose groups. By X-ray examination it has been 
determined that these cellulose chains are aggregated into bundles of 
about 60. This aggregate of cellulose molecules can be regarded as a 
colloidal particle, or equally as a micella as hypothesized by Nageli. 

Some differences of opinion exist regarding the arrangement of the 
cellulose micellae in relation to other constituents of the wall. One group 
of workers including Frey-Wyssling, Meyer and others are led to a view 
which differs little from Nageli’s. According to this view the cellulose 
micellae are not in contact, but are separated from one another by a 
colloidal system. Thus, if the cell-wall is allowed to swell in water X-ray 
examination shows that the micellae do not increase in size but the 
distance between them does, as would be the case if the inter-micellar 
material were a colloid capable of imbibing water. 

On the view of Hess and others also, the cellulose units are separated 
from one another, but the units are much larger than the sub-microscopic 
micellae hypothesized by Frey-Wyssling and Meyer, while the thin layer 
of non-cellulose material separating the cellulose units serves as a kind 
of adhesive holding the cellulose particles together. 

Sponsler rather considers the cellulose as forming a continuous frame- 
work of long chains of anhydrous glucose groups running parallel with 
one another and connected by cross-chains so that the whole forms a 
three-dimensional lattice-like framework. 

Some mention should be made also of the views of Hansteen-Cranner, 
although these were put forward before the application of X-ray analysis 
to the cell-wall had been attempted. This worker laid emphasis on the 
activity of the cell-wall itself in vital phenomena and considered it as a 
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living part of the cell. He regarded the protoplasmic colloids as continued 
into the cell-wall and constituting the material between the cellulose 
micellae or framework. Such a view of the cell-wall is not antagonistic 
to those of recent investigators mentioned above. 

Some cell-walls pass into a mucilaginous condition. This appears to 
result from the conversion of glucosans and related substances into 
pentosans, condensation products of pentose sugars which have con- 
siderable capacity for absorbing water. Other cell-walls become changed 
by the appearance in the walls of substances known as lignin, suberin 
and cutin. Lignified walls contain xylan (a pentose condensation pro- 
duct), hadromal (an aromatic aldehyde) and the so-called lignic acids. 
Lignin is presumably a mixture of these and possibly other substances. 
They appear to be intimately mixed with the cellulose constituents of 
the wall; the lignin and cellulose, that is, do not form separate layers. 
The middle lamella is the first part of the wall to become lignified, and 
it has been suggested that lignification of other layers may involve a 
transformation of the pectic constituents into lignin. Cells that become 
cork are said to develop suberized walls. Suberin, like lignin, appears to 
be a mixture of substances, and a number of fatty acids, the so-called 
suberogenic acids, have been isolated from suberized walls. While the 
substances composing suberin have some fatty characteristics they do 
not appear to be true fats. Van Wisselingh thought that the middle 
lamella of suberized walls consists of a thin continuous layer of suberin 
on which cellulose might be deposited subsequently. Unlike lignified 
cell-walls, suberized walls are impervious to water. 

Cutin is deposited as a continuous layer on the outside of epidermal 
cells of the herbaceous stems and leaves of vascular plants, and forms 
the layer termed cuticle. It resembles suberin in being a mixture of sub- 
stances and in preventing the passage of water, but it appears to consist 
of different substances from suberin. Some of these substances, at any 
rate, appear to be waxy, and those present in the cuticle of a number 
of plant organs have been investigated by Chibnall and his co-workers. 
In the cuticle of the apple fruit, which they examined in detail, they 
found that the waxy substances consist of long chain alcohols and 
paraffins including the following: 

n-nonacosanc, C lt H„ 
n-heptacosane, C a ,H 56 

d-n-nonacosan-10-ol, CHj.(CH,) 8 .CHOH.(CH,) 18 .CH, 
n-hexacosano), CHj.fCHd^.CHjOH 
n-octacosanol, CH s (CH t ) 1( .CH,OH 
n-triacontanol, CH 8 .(CH,) S8 .CH,OH 

The amount of fatty acid present was found to be very small, and it 
would seem that in this cuticle only a small proportion, if any, of the 
alcohol exists combined as wax esters. How far these are the substances 
which in general give to cuticle its characteristic qualities must, for the 
present, remain an open question. 

Cell-walls are usually elastic; that is, when acted upon by a force 
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bringing about stretching or change of shape in general, they tend to 
return to their original length or shape after removal of the force. Thus 
Schwendener and Krabbe, for example, immersed cylinders of young 
pith in water, as a result of which they increased in length by from 
25 to 80 per cent. On plasmolysis they contracted and their final de- 
crease in length was the same as that of similar cylinders plasmolysed 
directly without previous immersion in water. 

When a body is deformed by a force the deforming force acting on 
unit area of the surface of the body is called the stress and the deforma- 
tion produced is the strain. The modulus of elasticity in general is defined 
as the ratio of stress to the strain produced. When stretching alone is 
considered, that is, change in length, the modulus of (linear) elasticity, 
or Young’s modulus, is the ratio of the force acting on unit cross-section 
to the change in length of unit length. This quantity varies greatly with 
different cell-walls, and with the same cell-wall depends on the amount 
of water present. It appears that as a wall absorbs more and more water 
it must become more easily stretched, that is, the modulus of elasticity 
decreases. Also as the stress increases, the increase in length for the same 
increment in the stress becomes relatively less, at any rate, after a cer- 
tain point is reached; this may sometimes be due to loss of water, but 
does not appear to be always so. 

When the pressure is increased beyond a certain value the limit of 
elasticity is reached and the wall, instead of returning to its original 
length on release from the pressure, remains permanently stretched. 
Here also different cell-walls exhibit very different behaviour. It was 
shown by Pfeffer that the cell-walls of the filaments of the stamens of 
some Cynareae can be stretched to double their original length before 
reaching the limit of their elasticity, whereas with most phloem and 
sclerenchyma fibres the limit of elasticity is reached when the stretching 
is no more than from 0-5 to 1*5 per cent, of the length. The majority of 
cell-walls lie between these two extremes. 

Quite commonly the cell-wall ruptures as soon as the limit of elasticity 
is passed, and in some rupture may occur before the elastic limit is 
reached. However, in the case of collenchyma it has been shown that 
whereas the elastic limit is reached with a stress of about 10® grams per 
sq. cm., rupture does not occur until the stress is about 8 times this. In 
the case of growing cells the walls are not stretched up to their elastic 
limit and are capable of further stretching, which, if continued, may 
become permanent. 
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CHAPTER III 


THE WATER RELATIONS OF THE PLANT CELL 
i WATER ABSORPTION 

V 

The great part, played by water in the life of the plant is familiar to 
every one and requires no emphasis. *Water constitutes 80 per cent, or 
more of the content of active cells, not only forming the greater part of 
the protoplasm and vacuole, but also forming an important constituent 
of the cell-wall. It is the medium in which other constituents of the cell 
are dissolved or dispersed and through which substances are able to 
diffuse, and its presence is necessary for the carrying out of the normal 
functions of the growing plant! While some organs as, for example, many 
seeds, can withstand the withdrawal of a greater part of water from 
their cells without killing them, there is no obvious activity in such 
organs. Only when a further supply of water is absorbed by such desic- 
cated organs is the renewal of cell activity possible. It is a necessary 
characteristic of all living cells that such an absorption of water is 
possible. 

Ever since the work of Pfeffer on osmotic pressure more than half a 
century ago his view that the absorption of water is an osmotic pheno- 
menon has dominated botanical thought on this question. On this view, 
the cell in respect of its water relations may be regarded as a solution 
of crystalloidal substances surrounded by a semi-permeable membrane 
which is itself surrounded by the cell-wall, the latter being generally 
completely permeable both to water and dissolved substances.) With 
regard to the vacuolated cell, at first sight a good case can be made out 
for this view. The vacuole, as we have seen in the last chapter, consists 
of an aqueous solution of various crystalloidal substances, and, whether 
colloidal material is also present or not, will therefore exert an osmotic 
pressure/The protoplasm, forming a layer inside the cell-wall, acts as a 
membrane separating the solution contained in the vacuole from the 
cell-wall, and hence from any solution external to the cell, for if the cell- 
wall is permeable to water and substances dissolved in it, solutions out- 
side the cell will be imbibed by the wall and so come into contact with 
the protoplasm# 

To non-vacuolated cells the applicability of this simple osmotic view 
is not so clear. To meet such cases it has been customary to suppose that 
the outermost layer of the protoplasm, the so-called plasma-membrane, 
constitutes a semi-permeable membrane separating the bulk of the 
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protoplasm from the external medium. In the non-vacuolated cell, 
crystalloids in solution in the protoplasm would therefore exert an 
osmotic pressure just as solutes in the vacuole do in vacuolated cells. 
But if the outermost layer of the protoplasm acts as a semi-permeable 
membrane distinct from the rest of the protoplasm in non-vacuolated 
cells, we must suppose that the same must be so with vacuolated cells. 
Moreover, if the outermost layer of the protoplasm is differentiated from 
the bulk of the protoplasm it is at least credible that the innermost layer 
of the protoplasm, that bordering the vacuole, is similarly differentiated. 
If, then, the non-vacuolated cell can be regarded as a simple osmotic 
system, the vacuolated cell must be regarded as a more complex system 
consisting of the vacuole surrounded by the inner plasmatic membrane, 
which itself is surrounded by the bulk of the protoplasm, while this 
again is separated from the outer medium by the outer plasmatic 
membrane. \ 

But we have already seen in the last chapter that the evidence for 
the existence of such membranes is not over-strong, though there is 
probably a balance of evidence in favour of a differentiation of the 
external layer of the protoplasm^ Whether such membranes really possess 
the semi-permeable properties at one time generally attributed to them 
must at present be regarded as remaining in doubts M. II/ Fischer^, an 
observer of the behaviour of animal cells,' went so far as to assert that 
‘there are no membranes about cells’, while other writers have spoken 
of them as hypothetical structures. ^However this may be, there is cer- 
tainly at present a preponderance of evidence in support of the irfore 
generally accepted opinion that the vacuolated plant cell behaves as an 
osmotic cell: a solution of crystalloids surrounded by a membrane more 
or less impermeable to some at least of these crystalloids but readily 
penetrated by water. Whether the non-vacuolated plant cell behaves 
similarly is more in doubt; further evidence is needed,/ \ 

If the osmotic view of water absorption is rejected, some other explan- 
ation of the process is required. One senool of thought has found this 
in the colloidal character of the protoplasm and the behaviour of many 
non-living colloidal systems towards water. Thus, gelatin, agar-agar and 
a number of other colloidal substances, when put in water absorb it in 
considerable quantity, and mixtures of these substances with albumin 
and other proteins, amino-acids or urea, have been prepared which are 
said closely to resemble plant cells in their behaviour towards water. 
We may reasonably suppose that all protoplasm will absorb water in 
this way, and it may be that in non-vacuolated cells all absorption takes 
place thus, but it will not account for the absorption ofVater in vacuo- 
lated cells, for the protoplasm forms far too small a proportion of the 
whole cell volume to imbibe the relatively large amoun ; of water that 
may be absorbed in this way. 

More recent work suggests that the water relations of -facuolated cells 
cannot in general be satisfactorily explained in terms of a static osmotic 
system and that the absorption of water is related to the metabolic 
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activity in the cells. Reference to this work and its implications will be 
made later in this chapter. 


TURGIDITY 

1 Whatever the mechanism of water absorption by the plant cell, the 
result is that in contact with water ' the vast majority of cells will absorb 
water to such an extent that the protoplasm presses against the cell-wall ' 
and stretches it. We have seen in the last chapter that the cell-wall is 
elastic so that on stretching it tends to return to its original size and shape, 
that is, it exerts a pressure against its extension, and so against increase 
in volume of the cell/ Within the limit of elasticity this pressure increases 
with extension of the wall, so that a point will be reached at which the 
pressure sending water into the cell is balanced by the inwardly directed 
pressure of the stretched cell-wall. So long as the cell-wall is stretched 
and the cell contents are pressing against it the cell will be rigid in 
much the same way that an inflated football bladder or inner tube of a 
bicycle or motor-car tyre is rigid. The cell is then said to be turgid or 
in a state of turgor or turgescence. Such a condition is very important 
for the life of a plant, for the rigidity of herbaceous plants and plant 
organs depends on it, while cell division and many other life processes 
can only proceed in turgid cells. 1 

QUANTITATIVE WATER RELATIONS OF THE PLANT CELL 
ACCORDING TO THE SIMPLE OSMOTIC VIEW 

In considering the quantitative relations of the plant cell in regard to 
water we may take first the simplest case, that of an isolated vacuolated 
cell in which the protoplasm forms a thin layer separating the vacuole 
and cell-wall, and occupies a very small part of the whole cell volume. 
We may then regard water absorption through imbibition by the proto- 
plasm as negligible in comparison with that absorbed by osmosis through 
the semi-permeable protoplasm. 

*Our system therefore consists of a solution of crystalloids (the cell- 
sap) surrounded by a semi-permeable membrane (the protoplasm). The 
latter is itself surrounded by the permeable and elastic cell-wall, which 
is permeated by the external liquid which is thus in contact with the 
protoplasm on its outer side. * 

1 Now when an aqueous solution is separated from pure water by a 
semi-permeable membrane, water will pass through the membrane from 
the water to the solution.' While it is impossible to enter here into the 
theory of this passage of water across the membrane, it must be pointed 
out that the pressure tending to send the water through the membrane 
is, within limits, approximately proportional to the absolute temperature 
and to the number of molecules, or, in the case of electrolytically dis- 
sociated compounds, to the number of ions, present in unit volume of 
the solution. If the solution is separated by the membrane not from 
pure water but fuom another solution, the osmotic pressure of this 
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solution will tend to send water through the membrane in the opposite 
direction. ^ 

^In the v case of the 'plant cell the following quantities are therefore 
concerned, lending to force watei 1 into the cell is the osmotic pressure 
of the solution occupying the vacuole. If the cell is surrounded by a 
solution, the osmotic pressure of the latter tends to force water out of the 
cell. In addition to this, water tends to be forced out of the cell if it is 
in a state of turgor. In an isolated cell the turgor pressure, that is, the 
hydrostatic pressure of the water against the wall, is equal and opposite 
(in direction) to the inwardly directed pressure of the stretched cell- 
wall. If we denote the osmotic pressure of the solution in the vacuole by 
P, that of the external solution by P' and the turgor pressure by T, the 
actual net pressure tending to send water into the cell is therefore 
P — P' — T. For this quantity the term net suction pressure may be 
employed. Denoting this quantity by S, we have therefore the relation 

S = P - P' - T 

If the external liquid is pure water which possesses no osmotic pressure 
P' = 0 and consequently 

s = P - T 

For this special case the term full suction pressure may be employed for 
the pressure sending the water into the cell. v The unqualified term suction 
pressure generally refers to this value. N ' 

When a cell absorbs water the cell-wall stretches and the turgor 
pressure of the cell increases. Consequently the suction pressure con- 
tinually falls until the cell is in a condition which may be described as 
saturation when the suction pressure is zero. The turgor pressure is 
then equal to P — P\ A condition of equilibrium should then have been 
reached in which water is neither lost nor gained by the cell. Such a 
condition may never be actually realized, perhaps because the cell-wall 
is notperfectly elastic, or the protoplasm not a perfect semi-permeable 
memorane or because changes take place within the cell, but a condition 
of approximate equilibrium may be reached. If the external liquid is 
pure water, the turgor pressure is then at its maximum and is equal to 
the osmotic pressure of the cell-sap. 

If the cell is immersed in a solution, the osmotic pressure (P') of 
which is greater than the osmotic pressure of the cell-sap less the turgor 
pressure (P — T), then the suction pressure will be negative, that is 
water will be withdrawn from the cell. This withdrawal of water will 
result in (a) an increase in the osmotic pressure of the cell-sap and ( b ) a 
decrease in turgor pressure, and both these processes will tend to bring 
P — T nearer to P'. When P — T = P' the suction pressure is zero, and 
a position of equilibrium with regard to the passage of water is reached. 
But when P' is big the turgor pressure may be reduced to zero and 
P — T (now equal to P since T is zero) be still less than P'. The cell is 
now turgorless and the cell-wall incapable of further contraction. The 
protoplasm now contracts away from the cell and equilibrium will be 
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reached when the contraction of the protoplasm is such that the con- 
centration of the cell-sap has increased to P\ The cell is now in the well- 
known condition of plasmolysis. At the beginning of plasmolysis the 
turgor pressure reaches its minimum value, zero. If a cell in this con- 
dition is immersed in pure water the turgor pressure gradually increases, 
while the suction pressure decreases, until the cell is in equilibrium with 
water and the turgor pressure is a maximum and the suction pressure 
zero.* 

Should the protoplasm not form a negligible proportion of the total 
cell volume, it is possible that imbibition by the protoplasm may account 
for an appreciable part of the water absorbed. In some cells substances 
such as starch and pentosans may hold by imbibition an appreciable pro- 
portion of the water present in the cell. In all such cases, however, the 
protoplasm, including the starch and other cell inclusions, is in equili- 
brium with the solution in the vacuole. Consequently the presence of these 
imbibing constituents of the cell will only affect the absorption of water 
by the cell in so far as the dilution of the sap by osmotic absorption dis- 
turbs the ‘Tjuilibrium between the sap and protoplasm with its inclusions. 
Except when absorption is very great, the dilution of the cell-sap by 
osmotic absorption is unlikely to be sufficient to bring about any very 
appreciable disturbance of this equilibrium. Consequently, we may, in 
general, neglect the imbibition factor in a consideration of water absorp- 
tion by vacuolated cells. 

In many cases substances dissolved in the water surrounding a cell 
may affect not only the quantities which determine the net suction 
pressure, but also those which determine the full suction pressure; the 
pressure, that is, which is a measure of the capacity of the cell to absorb 
water. Thus, if the protoplasm is not completely impermeable to the 
dissolved substance and the latter diffuses unaltered into the vacuole, 
the osmotic pressure of the cell-sap will gradually rise, that is, the value 
of P in the relation given on p. 82 will increase, and so also will the 
suction pressure. 

Conversely, if osmotically active material diffuses out of the cell into 
the external liquid, the value of P and, consequently, of the suction 
pressure, will be lowered. If a substance in the external liquid should 
affect the constitution of the cell-wall, its modulus of elasticity might 
become altered, and so the wall pressure would be affected. If this were 
lowered, the tendency of water to be pressed out of the cell would be 
less and the suction pressure would be raised. Thus it can be seen that 
exposure of a cell to a solution of a certain substance, or of certain 
substances, can alter its capacity for absorbing water. 

*It will be observed that when a cell is in equilibrium with water its 
turgor pressure is at a maximum, being equal to the osmotic pressure of 
the cell, since the suction pressure is then zero. The turgor pressure is at 
its minimum when the cell is plasmolysed. Between these limits the value 
of the turgor pressure depends on the quantity of water present in the 
cells. It is generally assumed that within the limits of elasticity of the 
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cell- wall the wall pressure, and therefore turgor pressure, increases pro- 
portionally with the volume of water taken into the cell, although this 
relation may only be approximate. Assuming this relationship, if V t is 
the volume of the cell and P e its osmotic pressure when plasmolysis is 
about to commence, and the turgor pressure consequently zero, and if 
V is the volume and P the osmotic pressure of the cell when the turgor 
pressure is T, 



where A: is a constant. 

V 

The ratio — has been called by Hofler the degree of turgor stretching. 

/ 

From the above equation it is seen that it is equal to 1 -f JcT. ' 

In tissues the water relations of the individual cells are complicated 
by the pressure exerted by neighbouring cells. When a piece of tissue is 
cut out of an intact plant body a change in its shape may often be 
observed owing to the removal of this pressure. The curvature observed 
in the strips of tissue obtained by cutting a dandelion or hyacinth scape 
longitudinally is an example of this. Here the central tissue must have 
been compressed and the outer tissue in a state of tension, for on isolation 
of the strip the latter curves owing to the contraction of the outer and 
extension of the inner tissue. The general effect of the presence of the 
surrounding cells must be to reduce the amount of water a cell can 
absorb, for in addition to the inwardly directed pressure of the stretched 
cell-wall the cell contents will also be subject to the pressure of the neigh- 
bouring cells as they become turgid. The turgor pressure of the cell will 
then balance the sum of the wall pressure of the cell itself and the 
pressure exerted by neighbouring cells. Denoting this latter pressure by 
N and the wall pressure by W, we have 

S=P — P'-W-N 

Owing to this pressure exerted by surrounding cells, a cell in a tissue 
can absorb less water than can a similar cell when isolated, and with 
absorption of water the turgor pressure increases more rapidly in the cell 
within the tissue than in the isolated cell. As pointed out by Hofler, it 
follows that suction pressure must increase more rapidly with decreasing 
volume of a cell in a tissue than of a similar cell when isolated, and 
within a small range of volume there may be considerable variation in 
the suction pressure, a condition of affairs which may have considerable 
physiological significance. 

OSMOTIC PRESSURE AND GROSS WATER ABSORPTION 

PRESSURE 

The determination of the osmotic pressures of plant cells has been 
made in two ways: (1) by pressing out the cell-sap and calculating its 
osmotic pressure from determinations of the freezing-point of the liquid, 
and (2) by finding the concentration of a sucrose or potassium nitrate 
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solution, the osmotic pressure of which is known, which just brings 
about plasmolysis of the cell. 

If the simple osmotic view of the cell is correct, cryoscopic deter- 
minations made on expressed sap and the average value of plasmolytic 
determinations made on living cells of the same tissue should give the 
same value. 

• Now the work of Bennet-Clark, Greenwood and Barker has shown 
' that this is not always so. These investigators determined the osmotic 
pressure of various kinds of cells by both methods. Their results are 
summarized in Table V. It will be observed that with the cells of the 
petioles of Rheum and Caladium bicolor the results given by the two 
methods showed approximate agreement, but that in other cells, namely, 
those of the roots of beet and swede and the petioles of Begonia rex, the 
plasmolytic method gives significantly higher values than those obtained 
by measuring the freezing-point depression of the expressed sap. Now 
/the determinations made on the expressed sap give values for the actual 
concentration in the sap of osmotically active material, whereas what 
is measured by the plasmolytic method is the osmotic pressure necessary 
to balance the pressure by which water is drawn into the cell. As this 
pressure is made in the condition of limiting or incipient .plasmolysis 
wall pressure is zero and does not enter into consideration. 'The conclu- 
sion to be drawn is therefore that the pressure by which water is drawn 
into the cell, the gross water absorption pressure, may be significantly 
greater than the true osmotic pressure and that what may be called 
the simple osmotic view of the plant cell is inadequate to explain its 
water relations. ^ 


Table V 

Osmotic Pressures determined by Cryoscopic and Plasmolytic Methods 


(Data from Bennet-Clark, Greenwood and Barker) 


Kind of cell 

Beet root 


Osmotic pressure 
of expressed 
sap determined 
cryoscopically 

. 15*5 

Osmotic pressure 
determined by 
plasmolysis 

23-4 

*» >» ... 


9-5 

12 6 

»» »* . • • 


. 120 

18-4 

Swede root 


. 11-3 

17-8 



. 11-85 

17-0 

Begonia rex petiole . 


5-3 

80 

»» »» »> • • 


5-5 

8-0 

Rheum petiole . 


7-5 

8 1 

»> » • • • 


8-0 

95 

Caladium bicolor petiole . 


5-8 

5-5 

»> »» »> • 


5-8 

64 


There are, indeed, other reasons for doubting the adequacy of this 
view. The cytoplasm or its limiting layers are readily permeable to a 
great variety of substances, including some which are responsible in some 
cells for the greater part of the osmotic pressure') Thus, according to 
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De Vries, in the leaf stalks of Gunner a scabra potassium chloride accounts 
for more than half of the osmotic pressure in the cells, and in a number 
of plants, including, according to Copeland, Fagopyrum , Pimm , Phaseolus 
and Zeo, the cell-sap contains much potassium nitrate, while in halophytes 
the osmotic pressure is often, though apparently not always, due mainly 
to sodium chloride. The cell membranes are as a rule readily permeable 
to all these salts or their constituent ions. 

//Now a solute in a cell can only be responsible for the maintenance of 
a permanent osmotic pressure if the cytoplasm or plasmatic membrane 
is impermeable to the solute^As will be shown latcr^it is concluded that 
the entrance of a salt into a cell against the concentration gradient, a 
process requiring energy, is related to metabolic activity, and the same 
conclusion must be drawn with regard to the maintenance of a salt in 
a higher concentration inside the celLthan in the medium outside if the 
membrane is permeable to the saltTOennet-Clark and Bexon conclude 
that the existence of a water absorption pressure greater than the osmotic 
pressure can be explained on somewhat similar lines. It has been recog- 
nized for many years that a passage of water, not determined solely by 
osmotic pressure, can take place through permeable membranes and the 
phenomenon known as negative osmosis, in which there is a flow of 
liquid across a membrane from solution to pure solvent, was observed 
120 years ago by Dutroch et. Such movement of water is generally related 
to the presence of electric charges at the surface of, and in the walls of the 
capillaries in, the membrane resulting from the movement of electrolytes 
through the membrane. As regards the charges on the membrane sur- 
face, while there is always a potential difference at the surface of separa- 
tion of two liquids (phase potential), due to unequal partition coefficients 
of the two ions between the two liquids, the observed potential difference 
on the two sides of artificial permeable membranes separating two liquids 
is generally not the same as the potential difference at the surface of 
contact of the two liquids when the membrane is absent. The divergence 
is attributed to the presence of charges on the walls of the membrane • 
capillaries through which the liquid passes and which are balanced by 
charges of opposite sign on the liquid in the capillaries. Such charges 
might arise as a phase potential at the surface of the capillaries, or 
through the different mobilities of cation and anion of the diffusing solute 
(diffusion potential) or through selective adsorption of either cations or 
anions (adsorption potential). But however the* charges arise, their exist- 
ence is dependent on diffusion of an electrolyte through the membrane. 
The result will be a movement of the charged water in the direction of 
that side of the membrane possessing a charge of the opposite sign.\ 
(The movement of water through membranes in the manner outlined 
above is generally referred to as ‘anomalous osmosis’ or ‘ electrosmosis ’^ 
and it will be seen that it assumes a porous structure of the membrane/ A 
movement of water unrelated to differences in osmotic pressure can also 
occur in systems not involving such a membrane by a process described 
by Osterhout and Murray and called by them ‘anaphoresis’. Some of their 
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observations were as follows. Guaiacol was shaken with distilled water 
until equilibrium was reached and then placed in a U-tube with equal 
amounts of the water with which the guaiacol had been shaken resting 
on the guaiacol in the two arms of the tube. No movement of water of 
course occurs, and if trichloracetic acid is added to the water in one arm 
we should expect a movement of water from the other arm through the 
water-saturated guaiacol to the solution of trichloracetic acid since this 
should now be exerting an osmotic pressure. Actually the movement is in 
the other direction, both water and acetic passing through the guaiacol 
into the arm containing distilled water, the higher the concentration of 
acid the greater the movement. Acetone acts in the same way as trichlor- 
acetic acid. A possible explanation of the movement of water depends on 
the formation of some kind of loose association between the trichloracetic 
acid and water. However that may be, the movement of the water 
appears to be closely related to the movement of the solute through the 
guaiacol layer. 

Thus whether by electrosmosis or anaphoresis, the anomalous move- 
ment of water is related to the movement of the particles of a solute. 
Applying this principle to the plant cell Bennet-Clark and Bexon propose 
a possible mechanism to account for the values of gross water absorption 
pressure exceeding those of osmotic pressure. They suggest that in the 
cell sugar is-broken down in the vacuole in the normal respiratory process 
and malic acid formed; the malic acid then diffuses into the cytoplasm 
where it is rebuilt to sugar. As will appear later (cf. Chapter VI) there 
is evidence that some of the intermediate products of the breakdown 
of sugar in normal respiration are built back to sugar. The scheme 
hypothesized by Bennet-Clark and Bexon would involve a continuous 
movement of electrolyte through the membrane separating vacuole and 
cytoplasm, a movement which would result in the development of the 
electric charges which would induce the movement of water into the 
vacuole. 

' If the observations of Bennet-Clark and his co-workers are correctly 
interpreted it will be seen that the osmotic pressure of the cell sap can 
only be one factor in determining the water relations of the cell and that 
active metabolic processes are also a factor. It will also be observed that 
the equations connecting osmotic pressure and suction pressure (p. 32) 
must be modified by substituting the gross water absorption for the 
osmotic pressure of the cell, so that the suction pressure will in fact be 
given by the equation 

S = A - P' - T 

where A is the gross water absorption pressured 

// L. Brauner, M. Brauner and M. Hasman have also produced evidence 
of the inadequacy of the simple osmotic view of the cell to explain its 
water relations and that metabolic action is concerned to some extent in 
the passage of water across the cell membranes. Thus they found that 
when disks of potato tuber are kept in water under aerobic conditions 
water absorption by the tissue follows an approximately logarithmic 
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course at first, but this phase is followed by a second one which con- 
tinues for many days during which the rate of water intake remains more 
nearly constant. The first phase they regard as determined chiefly by 
physical factors, the second as depending very largely on metabolic action. 
The maintenance of the suction pressure during this second phase may 
result from a continued hydrolysis of starch to sugar which would thus 
raise the osmotic pressure of the cells. Evidence was also produced of an 
increase in the plasticity of the cell walls, which by bringing about a 
lowering of the wall pressure would also tend to increase the suction 
pressure.'^ 

From later investigations, however, these workers, like Bennet-Clark 
and his collaborators, concluded that electrosmotic movement of water, 
depending on the movement of ions through the cell membranes, 
accounted in part for the passage of water into and out of plant cells. 
These conclusions were drawn partly from work wiib non-living mem- 
branes and partly from observations on living cells.\Among the latter 
may be cited the results of experiments with carrot root tissue immersed 
in solutions of sucrose, potassium sulphate and calcium chloride all with 
the same osmotic pressure of 2 atmospheres. Considerably less water was 
absorbed from the calcium chloride solution than from the others. Also 
the suction pressure of carrot root tissue determined by means of a 
graded series of solutions of calcium chloride was found to be 19 per cent, 
less than when potassium sulphate solutions were used. With potato 
tissue the difference was less but in the same direction. 

These results are explained on the basis of electrosmotic , effects pro- 
duced by the movement of ions through the cell membranes$When tissue 
is immersed in distilled water there is a movement of ions outwards from 
the tissue to the water., Owing to the unequal mobilities of cations and 
anions, and to adsorption of ions on the walls of the capillaries in the 
membrane, electrical forces are brought into play which lead to the 
electrosmotic absorption of water. When the tissue is immersed in calcium 
chloride solution the movement of ions from external medium into the 
cells will induce electrosmosis in the reverse direction and so to a reduc- 
tion in the electrosmotic absorption of water and thus of the suction 
pressure. That the effect of calcium chloride is so much greater than that 
of potassium sulphate is presumably due to the adsorption of the divalent 
calcium ions being so much greater than that of the monovalent 
potassium. 

Assuming that the effect of calcium chloride on suction pressure is 
to be explained in this way, Brauner and Hasman by a system of extra- 
polation calculate that a 0-25 M. solution of calcium chloride would br ing 
about the elimination of the electrosmotic component of the suction 
pressure of potato tuber tissue, and that as this concentration of calcium 
chloride would lower the suction pressure, as determined by the use of 
sucrose, by about 10 per cent., this value represents the proportion of the 
whole suction pressure of potato tuber tissue attributable to electrosmosis. 

The same workers also found that when cells of Spirogyra neglecta 
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were plasmolysed by hypertonic solutions of sucrose and magnesium 
chloride possessing the same osmotic pressure, the contraction of the 
protoplasts in the magnesium chloride solution was greater than that of 
the protoplasts in sucrose solution. The course of plasmolysis indicated 
that there was no appreciable absorption of solute in either group of 
cells. The osmotic concentration of the vacuoles of the cells in mag- 
nesium chloride must then be greater than that of the cells in sucrose, 
although both are balanced by solutions of the same osmotic pressure. 
It is assumed here also that the magnesium chloride has had the effect 
of eliminating the membrane electrical charges and so removing the 
electrosmotic pressure. If the osmotic pressure of the plasmolysing solu- 
tions is so chosen that the electric charges are just completely eliminated, 
then the osmotic pressure of the sucrose solution is balanced by the sum 
of the osmotic pressure of the plasmolysed cell and the electrosmotic 
pressure, whereas the osmotic pressure of the magnesium chloride solu- 
tion is balanced by the osmotic pressure of the plasmolysed cell only. 
The difference between the final osmotic pressures of the cells plas- 
molysed in sucrose and magnesium chloride will then give the value of 
the electrosmotic pressure. 

The conclusion that there is a connexion between water absorption 
and respiration has also been drawn by other workers, as for example, 
by Reinders, who concluded that oxygen was necessary for the absorp- 
tion of water by thin slices of potato, and by Miss Kelly, who found 
that various substances, such as sodium azide, potassium cyanide and 
iodoacetic acid inhibit to the same extent both water uptake by, antjj 
respiration of, the oat coleoptile. 

Lyon has also concluded that a non-osmotic pressure is partly respon- 
sible for the passage of water into the cells of potato tuber. He measured 
the volumes of similar strips of tissue in water, paraffin oil and a sucrose 
solution inducing incipient plasmolysis. From these volumes, the osmotic 
pressure of the sucrose solution, and by assuming a linear relationship 
between wall pressure and volume, the suction pressure of the tissue in 
paraffin oil could be calculated on the simple osmotic view of the cell. 
Lyon found that such calculated suction pressures were nearly always 
considerably higher than those found by determining the concentrations 
of sucrose solutions in which the strips underwent no change in volume. 
The differences between the values found by calculation and observation 
are too large to be readily accounted for by experimental error or by any 
error inherent in the method. Although these observations indicate the 
inadequacy of the simple osmotic view, yet owing to disturbing factors 
such as the continued slow absorption of water by potato tissue men- 
tioned by Brauner and his co-workers, Lyon’s data do not permit the 
assessment of the value of the non-osmotic pressure. 

Roberts and Styles made plasmolytic and cryoscopic determinations 
of t;he osmotic pressure of the cells of the leaves of a number of Coniferae. 
In some of these they found the plasmolytically determined value some- 
what higher (2 to 28 per cent.) than those determined cryoscopically, but 
4 
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no correction was made for contraction of the cells on plasmolysis and 
there would be closer agreement between the values obtained by the two 
methods if such a correction were made^feut in another group of conif- 
erous leaves very much greater differences between the plasmolytically 
and cryoscopically determined values were found, the former being from 
25 to 148 per cent, higher than the latter. It was observed that the 
expressed sap from leaves of the latter group was decidedly more viscous 
than from those of the former, a fact which was attributed by Roberts 
and Styles to the presence of much mucilaginous colloidal material in the 
viscous sap. It was therefore suggested that in addition to the osmotic 
pressure, the cells containing this mucilaginous material exert an imbibi- 
tion pressure which is largely responsible for the difference in the values 
of osmotic pressure obtained by plasmolytic and cryoscopic methods. 

Doubt has been expressed by more than one investigator on the con- 
clusions drawn by Bennet-Clark and his collaborators from the differ- 
ences in the values of osmotic pressure obtained by cryoscopic and 
plasmolytic methods. Thus Eaton points out that the cryoscopic deter- 
minations are made on sap expressed from fresh tissues whereas the 
plasmolytic observations are made after immersion of the cells in the 
plasmolysing solutions for thirty or sixty minutes, during which time a 
quantity of solute, even when this is sucrose, might enter the cells and 
raise their osmotic pressure to a value definitely higher than that of the 
sap of the cells used for the cryoscopic determination. Similar arguments 
could be used against the conclusions of Brauner and Hasman, but it 
should be pointed out these workers concluded that in their experiments 
with Spirogyra the course of plasmolysis indicated that there was no 
appreciable passage of solute into the cells. 

A more detailed criticism of the conclusions of Bennet-Clark and his 
co-workers has been made by Levitt. Making assumptions of the value 
of the permeability to water of beetroot cells from published data relat- 
ing to quite different tissues ( Salvinia , eggs of Fucus, onion bulb scales) 
he concludes that the energy necessary for the maintenance of the excess 
of water-absorbing pressure over osmotic pressure recorded by Bennet- 
Clark and his collaborators would equal that released in the respiration 
of 7*7 X 10 -8 gm. of glucose per gram of tissue per hour. Levitt cal- 
culates that at this rate all the dry matter in the beet would be used 
up in less than three months in order to maintain the negative diffu- 
sion gradient of water alone. He also refers to the measured rate of 
respiration of beetroot in water recorded by Bennet-Clark and Bexon 
and calculates that this is only about 2 '5 times that required to maintain 
the negative diffusion gradient. He states that these calculations prove 
that the hypothesis of a ‘secretion pressure’ cannot account for the differ- 
ences observed by Bennet-Clark, Greenwood and Barker between the 
plasmolytically and cryoscopically determined values of osmotic pres- 
sure. However, apart from the approximate character of the values 
assumed for water permeability by Levitt, the observations of Stiles 
and Dent have showh that beetroot slices 0*1 mm. thick in water at 
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temperatures round about 20° C. respire at a rate which would indeed 
bring about the utilization of the whole of the dry matter of the tissue in 
a much shorter time than three months, while in the thin sections used for 
plasmolytic determinations the rate of respiration would be still more 
rapid. The present writer, therefore, is not convinced that Levitt’s cal- 
culations disprove the conclusions of Bennet-Clark and his co-workers. 
To explain the results of these workers Levitt suggests that they con- 
fused volume shrinkage of turgid cells on plasmolysis with linear shrink- 
age, which seems very unlikely, and cites experiments of his own in 
support of this. However, it would seem scarcely justifiable to assume 
that the condition of turgidity in the two sets of roots was the same. 
Levitt also suggests the possibility of a number of other errors connected 
with plasmolysis and sap extraction, but it is not possible to evaluate 
the significance of these. 

In the opinion of the present writer it is not possible at the present 
time to come to a definite decision regarding the evidence for and against 
the existence of an active secretion pressure of the kind hypothesized by 
Bennet-Clark and others. It may be noted that only in some of the tissues 
examined by Bennet-Clark and his collaborators was evidence for the 
existence of such a pressure found. Clearly further work on such a funda- 
mental problem of cell physiology is highly desirable. 

THE RANGE OF OSMOTIC PRESSURE IN PLANT CELLS ^ 

Many observations have been made on the magnitude of the osmotic 
pressure in plant cells by means of determinations of the freezing point 
of the expressed sap. These determinations show that the range of osmotic 
pressures in plants is a wide one. Among higher plants the osmotic pres- 
sure rarely falls below 8-5 atmospheres, while at the other end of the 
range an osmotic pressure as high as 158 atmospheres has been recorded 
as occurring in the cells of a plant of Atriplex confertifolia growing near 
the Great Salt Lake. However, osmotic pressures of the cells of land 
plants are usually from about 10 to 20 atmospheres. Some sort of relation 
also holds between the habit or ecological type of plant and the value of 
the osmotic pressure, the latter being generally higher in mesophytes 
than in succulents, higher in the leaves of woody plants than in those of 
herbs of the same region, and particularly low in epiphytes. The question 
naturally arises how far differences in osmotic pressure of different 
ecological types can be traced to environmental differences. Now many 
cases have been observed which show that a high concentration of 
osmotically active substances in soil may result in high osmotic pressures 
in the cells of plants growing in such soil. The cells of plants growing on 
soils containing much sodium chloride often exhibit very high osmotic 
pressures. The case of Atriplex confertifolia has already been mentioned, 
and in general the osmotic pressure of root hair cells of halophytes is 
higher than that of similar cells of mesophytes. It is not clear, however, 
that the high osmotic pressure of the cells of halophytes is due to the 
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accumulation of sodium chloride rather than to increase of a number of 
other osmotically active constituents of the cell-sap. According to von 
Faber, the high osmotic pressure of cells in mangroves is attributable to 
sodium chloride in some species, but not in all. 

Analyses of the cell-sap of different species show that the substances 
responsible for the osmotic pressure cover a considerable range, including 
inorganic salts, organic acids and sugars. De Vries found that the prin- 
cipal osmotically active substance in the leaf stalk of Rheum, hybridum is 
oxalic acid, whereas in the leaf stalk of Heracleum sphondylium it is 
sugar. As we have seen already, the major osmotic constituent of the cell 
sap of the leaf stalk of Gunnera scabra is potassium chloride, and of 
Fagopyrum, Pisum, Phaseolus and Zea potassium nitrate. The same salt, 
according to De Vries, is an important constituent of the sap of the 
growing shoot apices of Helianthus tuberosus. 

v THE SUCTION PRESSURE 

The gross water absorption pressure of a cell, although an important 
factor in influencing the amount of water the cell can absorb, does not 
alone determine this quantity. As we have already noted, the wall pres- 
sure of the turgid cell and the osmotic pressure of the external medium 
both oppose the entrance of water into the cell, so that the actual pres- 
sure sending water into the cell, the net suction pressure, is generally less 
than the gross water absorption pressure, its value being given by the 
equation 

S = A - P- T 

The full suction pressure, that which operates when the external 
medium is water, is therefore A — T, since in this case P' is zero. It may 
be determined quite simply by finding a solution of sucrose in which the 
cell undergoes no change in volume (or weight). For then the net suction 
pressure is zero, and consequently we have the relation: 

0 = A - P' - T 

or P' = A - T 

which is the value of the full section pressure. 

/l The investigation of suction pressure was carried on for many years 
by Ursprung and Blum, who drew certain conclusions with regard to the 
magnitude and variation of suction pressure in plant cells. The move- 
ment of water through the living cells of a plant tissue is determined by 
a gradient of suctiop pressure, and Ursprung and Blunv amassed a vast 
quantity of data to show the direction of this movement by determining 
the suction pressures of the different cells in a tissue and hence the 
gradients of suction pressure. The method used by Ursprung and Blum 
consists in cutting thin sections of tissue in liquid paraffin, in which 
medium the sections are mounted, measuring the size of the cells in the 
tissue, and then transferring them to solutions of an osmotically active 
s ubstance covering a range of concentrations. The suction pressure of any 
particular cell is then equal to the osmotic pressure of the solution in 
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which that cell undergoes no change in volume on being transferred to it 
from paraffin. V 

It was pointed out by Miss Ernest that this method of measuring 
suction pressure involves a source of error which renders invalid all 
determinations of suction pressure made by it. For the gradients of 
suction pressure that exist in the living plant will immediately tend to 
disappear if a piece of tissue is severed from the living plant and all 
supply of water or pull on the water of the cells removed. The cells of 
the isolated piece of tissue will immediately tend to proceed to a condi- 
tion of equilibrium so that all have the same suction pressure, and it 
seems unlikely that a very considerable time will be required for equilib- 
rium to be reached. Since Ursprung and Blum allowed the sections to 
remain for 20 to 30 minutes in the osmotically active solution in order 
that the cells of the tissue might attain equilibrium with the external 
solution, it seems very likely that the suction pressure gradient in the 
tissue would be markedly altered in that time. Miss Ernest also pointed 
out a second source of error in the method of Ursprung and Blum. Thin 
sections of tissue include a number of cut cells bordering on the intact 
cells the suction pressures of which are measured. Now after being rup- 
tured, the cut cells will exert a greater suction pressure than before 
owing to the disappearance of the wall pressure. Consequently they will 
tend to withdraw water from the intact cells, the suction pressure of 
which will be raised in consequence, so that the method of Ursprung 
and Blum will give values which are higher than those actually obtaining 
in the isolated tissue before the sections are cut/Miss Ernest has pro- 
duced experimental evidence in support of her criticisms. The lower 
epidermis of certain leaves can be stripped off together with a certain 
amount of mesophyll tissue, the cells of which appear to be completely 
uninjured. In some monocotyledons the veins also can be torn from the 
leaves along with a number of intact mesophyll cells. Determinations of 
the suction pressures of cells obtained in this way from Crocus, Iris and 
Saxifraga umbrosa showed no evidence of any suction pressure gradient 
in the pieces of detached tissue. We must conclude therefore that, 
although suction pressure gradients must be present in tissues through 
which there is a movement of water, the suction pressure gradients 
observed in sections cut from pieces of tissue are largely illusions of 
experimentation. 

Recently Ashby and Wolf have called in question the validity of the 
usual method employed for the determination of the suction pressure of 
tissues in which pieces of tissue are immersed in sucrose solutions of 
different concentrations and the osmotic pressure of the solution in which 
the tissue undergoes no change of weight taken as the suction pressure 
of the tissue. Ashby and Wolf determined the suction pressure of the 
tissues of Iris leaf, carrot root and potato tuber by finding a sucrose 
solution of such a concentration that the refractive index of the solution 
did not change after immersion of the tissue in it. In such a solution it 
can be assumed that no water passes into or out of the solution into the 
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tissue, and so its osmotic pressure will be equal to the suction pressure 
of the tissue. It was found that the values of the suction pressures deter- 
mined in this way were consistently lower than those obtained by the 
usual weighing or gravimetric method. The divergence between the 
results may with some tissues be very large, thus with Iris leaf the 
values found, in terms of molar concentration of sucrose, by the refracto- 
metric and gravimetric methods were, respectively, 0-20 and 0*58; for 
carrot root they were, on the average, 0-24 and 0-88 and for potato 0-20 
and 0*24. The explanation of the divergence is that on immersion of the 
tissue in the solution some of the intercellular spaces of the tissue become 
imbibed with solution, and this replacement of air by solution in itself 
brings about an increase in the weight of the tissue. Consequently, the 
solution in which the tissue undergoes no change in weight must possess 
an osmotic pressure higher than the suction pressure of the tissue, for a 
quantity of water must have passed out of the tissue into the solution 
equal in weight to the quantity of solution imbibed in the intercellular 
spaces. 


THE EFFECT OF TEMPERATURE ON THE ABSORPTION OF 
WATER BY PLANT CELLS 

Temperature appears to have little effect on the total amount of 
water a cell is capable of absorbing, but it influences considerably the 
rate at which water is absorbed or lost by cells. Reliable data on this 
question have been obtained by two methods respectively applicable to 
different kinds of tissue. In one method, used by Miss Delf, the rates of 
water loss at different temperatures were compared. A solution of sucrose 
at various temperatures was allowed to flow through the hollow interior 
of a cylindrical organ such as an onion leaf or dandelion scape. The 
sucrose solutions were chosen of such a concentration that the cells shrank 
in them, but not to such an extent that plasmolysis resulted. The con- 
traction resulting from exposure of the cells surrounding the hollow space 
in the middle of the cylinder to the ‘subtonic’ solution was then measured 
by an optical device giving a linear magnification of 850 times. This 
method, it will be observed, is applicable to organs which have the form 
of hollow cylinders. In the second method seeds or discs of tissue are 
immersed in water at various temperatures and weighed after various 
times. This method has been used by a number of investigators for 
measuring the effect of temperature on the intake of water by seeds, and 
by Stiles and Jorgensen for determining the influence of temperature on 
absorption of water by storage tissue. 

In general, the rate of water absorption increases with rise in tempera- 
ture, but above 85° C., as a result of the effect of the high temperature 
on the cell organization at any rate in the case of dandelion scapes, onion 
leaves and storage tissues, the intake of water after a time gives place to 
water withdrawal. The general course of water absorption by potato 
tuber at different temperatures is shown in Fig. 1. 
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A convenient way of describing concisely the effect of temperature 
on a process is to state the temperature coefficients over different tempera- 
ture ranges. By the term temperature coefficient is usually understood 
the ratio of the rate of a process at a certain temperature to the rate of 



Fio. 1. — Curves illustrating the absorption of water by potato tuber tissue at different 

temperatures 


the process at a temperature 10° C. lower. To obtain values for the tem- 
perature coefficients of water absorption or excretion it is necessary to 
compare the rates at which water passes into or out of the tissue at 
different temperatures when the tissue is in the same degree of swelling. 
Temperature coefficients determined in this way for water absorption by, 
or excretion from, various tissues, are summarized in Table VI. 


TabU VI 

Temperature Coefficients of Water Absorption or Excretion 


Temp, range 
in Centigrade 
degrees 

Onion 

leaves 

Dandelion 

scapes 

Potato 

tuber 

Carrot 

root 

Barley 

grains 

Xanthium seeds 
Sample — 

1 11 

5-15 .... 

1*4 




1 




10-20 .... 

1-5 

2 3 

30 1 

1*3 





15-25 .... 

20 

8*3 

2-75 

1*4 


Av. 

Av. 

Av. 

20-80 .... 

26 

38 

2*7 

16 


1 99 

1*55 

1*83 

25-85 .... 

2*0 

3*0 

— 

— 






The values for onion leaves and dandelion scapes were obtained by Miss 
Delf, for potato tuber and carrot root by Stiles and Jorgensen, for barley 
grains by Brown and Worley and for the two samples of seeds of Xanthium 



46 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

pennsylvanicum by Shull. The temperature range employed in the case 
of barley grains was actually 8-8° to 84 6° C. 

THE EFFECT OF DISSOLVED SUBSTANCES ON WATER 
ABSORPTION BY PLANT CELLS 

We may consider first the simple case in which a cell is immersed in 
a solution of a substance to which the protoplasm is impermeable. We 
have observed that the pressure sending water into a plant cell (the net 
suction pressure) is given by the expression A — P' — T where A is the 
gross water absorbing pressure of the cell and P' the osmotic pressure of 
the external medium and T the turgor pressure. Consequently, the greater 
the osmotic pressure of the external medium, the lower the net suction 
pressure. The higher the concentration of the external medium, the slower 
therefore will water enter the cell. When P' > A — T the net suction 
pressure will be negative and water will be withdrawn from the cell". 



Fio. 2. — Curves illustrating the absorption of water by potato tuber tissue immersed in 
sucrose solutions of different concentrations 


These relationships are clearly shown by the diagrams in Fig. 2 which 
show the rate of water intake by disks of potato tuber immersed in solu- 
tions of sucrose of various concentrations. It will be observed that not 
merely is the rate of water entry or exit dependent on the concentration 
of the external solution, but that the total quantity of water the cells are 
capable of absorbing is determined by the concentration of the external 
solution, the more concentrated the external solution, the less the amount 
of water the cell is capable of absorbing. This is, of course, only to be 
expected, since when an osmotically active substance is present in the 
external liquid this balances to some extent the gross water absorbing 
pressure of the cell which cannot therefore develop as high a turgor 
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pressure as when the external medium is water and the turgor pressure 
alone at equilibrium balances the whole of the water absorbing pressure. 

These considerations only apply when the osmotically active sub- 
stance present in the external medium is incapable of penetrating the 
cell. If, on the other hand, the substance should pass through the proto- 
plasm into the cell-sap the matter is not so simple. Should the substance 
remain unchanged after entering the cell it will bring about an increase 
in the osmotic pressure of the cell, the water absorbing capacity of which 
will therefore be increased. If absorption of the substance continues until 
equality of its concentration within and without the cell results, the cell 
will be able to absorb about as much water as if the external medium 
were pure water. 

If the substance should not remain unchanged after entering the cell 
yet other considerations apply. Should the substance react with some 
cell constituent a change in the osmotic pressure will result and the 
suction pressure and total amount of water absorbable will be altered 
accordingly. In some instances the reaction may result in the formation 
of an addition compound and the consequent complete removal from the 
entering substance of its osmotically active property. In many cases, the 
substance may, by its reaction with some constituent of the protoplasm, 
lead to loss of water from a turgid cell as the latter dies, for as this takes 
place the protoplasm becomes permeable to the substances dissolved in 
the cell-sap, and these thereupon diffuse out into the external medium. 
With a completely permeable membrane no cell can remain turgid. The 
course of water exchange between cells and their surroundings when 
these are immersed in a solution of a toxic substance, as, for example, 
copper sulphate, arc shown in Fig. 3. It will be observed that although 
absorption of water takes place at first from a dilute solution (0-01 N), 
the absorption is less than from distilled water, while after a time actual 
water loss sets in. 

In some cases a toxic substance may have a strange effect on absorp- 
tion of water inasmuch as it may bring about an increase in the rate of 
absorption which obtains when the tissue is surrounded by pure water. 
Such an effect has been observed when potato tuber tissue is brought 
into contact with solutions of sulphuric acid, osmic acid, mercuric chloride 
and aliphatic alcohols. It is not clear how these substances bring about 
an increase in the suction pressure. Either they must affect the osmotic 
pressure of the cell-sap by bringing about some change in its composi- 
tion, or they must affect the modulus of elasticity of the cell- wall so that 
the latter offers less resistance to stretching. So far this effect has only 
been observed with toxic substances and sooner or later the absorption 
of water gives place to the water loss characteristic of the action of all 
toxic substances (cf. Fig. 4). 
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Fig. 8. — Curves illustrating the absorption of water by potato tuber tissue immersed in 
distilled water (D) and a 0 01 N solution of copper sulphate (C) 



Fig. 4. — Curves illustrating the absorption of water by potato tuber tissue immersed in 
distilled water (D) and a 2 M solution of ethyl alcohol (E) 
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ISOTONIC COEFFICIENTS 


Assuming the simple osmotic view of the cell, a solution having the 
same osmotic pressure as the cell-sap is said to be isosmotic or isotonic 
with it; a solution, the osmotic pressure of which is lower than that of the 
cell-sap is said to be hypotonic, while one whose pressure is higher than 
that of the cell-sap is said to be hypertonic. 

If a turgid cell is immersed in a solution of a substance incapable of 
penetrating the protoplasm and of such concentration that incipient 
plasmolysis just, and only just results, the solution is isosmotic with the 
cell-sap. Consequently, if this concentration is found for a number of 
different substances, the various solutions should have the same osmotic 
pressure, and by this means the osmotic pressures of various substances 
may be compared. For comparison of osmotic pressures in this way, cer- 
tain conditions are necessary for success. These are, (1) the least trace of 
plasmolysis should be observable, (2) all the cells used for the determina- 
tions should just plasmolyse in solutions of the same salt of exactly the 
same concentration, (3) the substances examined should not penetrate 
the cells. Such cells are, according to De Vries, provided by the epidermal 
cells of the outer side of the growing leaf sheath of the dark red form of 
Curcuma rubricdulis, and the violet cells of the lower epidermis at or near 
the midrib of the leaves of Rhoeo discolor. Both these kinds of cells con- 
tain coloured sap on account of which they fulfil the first of the three 
conditions given above. 

A number of determinations of this kind were made by De Vries. 
Actually De Vries determined what he called isotonic coefficients. He 
used the term isotonic coefficient to indicate the attraction of a molecule 
of a substance in dilute aqueous solution for water, the attraction of a 
molecule of potassium nitrate being taken as 3. Thus if a solution of a 
substance of molecular concentration X just produces plasmolysis whereas 
the concentration of potassium nitrate required for this is K, the isotonic 


8K 

coefficient is — , since a solution of the substance of concentration X has 


the same osmotic pressure as a solution of potassium nitrate of con- 
centration K, and consequently has the same attraction for water. 

A variant of the plasmolytic method just indicated for comparison 
of osmotic pressures and determination of isotonic coefficients was also 
devised by De Vries. This is the plasmolytic transport method. The cells 
employed, after weak plasmolysis in the solution of the substance under 
investigation, are transferred to potassium nitrate solutions of different 
concentrations. That solution in which the volume of the plasmolysed 
protoplast undergoes no further change is isotonic with the solution used 
to produce plasmolysis. 

What is practically a second variant of the method was also described 
by De Vries and is known as the tissue tension method. 

A length of a cylindrical organ, such as a dandelion scape, is cut from 
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a plant and divided longitudinally into a number of strips. On isolation, 
owing to tensions that were present in the tissue these strips usually 
curve so that the pith occupies the convex side of the strip. If immersed 
in water the curvature is intensified owing to absorption of water by the 
pith cells and the whole strip may roll into a spiral. On the other hand, 
if immersed in a strong solution, water is withdrawn from the pith cells 
and the curvature is reduced or even reversed, and for any substance 
not penetrating the cells there can be found a solution of a particular 
concentration in which no change of curvature takes place. Such a solu- 
tion has an osmotic pressure equal to what may be termed the full suction 
pressure of the strip, using this expression to denote the pressure sending 
water into the strip from pure water (cf. p. 42). It is thus possible to find 
the concentrations of solutions of different substances which have no 
effect on the curvature of different strips from the same length of tissue. 
Assuming the suction pressure is the same in these different strips, it 
follows that the solutions have the same osmotic pressure and are there- 
fore isotonic. 

It must be regarded as extremely doubtful whether the determina- 
tion of isotonic coefficients in this way has much practical value, for it 
is recognized that a great many substances can penetrate plant cells so 
that the osmotic pressure of cells immersed in a solution of such a sub- 
stance increases with entry of the substance if the latter remains in solu- 
tion. Moreover, different substances may enter cells at different rates so 
that the osmotic pressure, and consequently the suction pressure, of the 
cells of the strip undergo change with time, the rate of change depending 
on the nature of the substance in solution. 

However, if the term ‘isotonic coefficient’ is now of little value, the 
terms hypotonic, isotonic and hypertonic are themselves convenient 
for indicating solutions of lower, the same, or higher osmotic pressure 
respectively than that of the cell-sap. 


IMPERMEABLE AND SEMI-PERMEABLE CELL-WALLS 

It has been noted in the previous chapter that some cell-walls are 
impervious to the passage of water. The contents of such cells, as, for 
example, those of cork, must soon die if they are completely enclosed by 
walls of this character, since exchange of material between them and 
their surroundings is impossible. In other cells, such as those of the 
endodermis of roots where some, but not all, of the walls of each cell are 
impermeable to water, this is not so, and the presence of such walls may 
then have the effect of ensuring the passage of water and dissolved sub- 
stances in a definite direction through the plant. 

There are also cell-walls which are semi-permeable; that is, they per- 
mit the ready passage through them of water, but not of dissolved sub- 
stances. A. J. Brown observed cell-walls of this kind in barley grains, for 
the latter, when immersed in aqueous solutions of sulphuric acid, copper 
sulphate, silver nitrate and a number of other salts, absorb water readily 
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but do not absorb the solute. That the semi-permeable property is located 
in the cell-wall and not in the protoplasm or its limiting layer is clear 
from the fact that the grains suffer no damage in comparatively concen- 
trated solutions of poisons, including those mentioned above, for if the 
protoplasm were to come into contact with such substances it would be 
speedily damaged and rendered permeable. 

Semi-permeable cell-walls do not appear to be uncommon in seeds, 
but apart from these, ready permeability of cell-walls to water accom- 
panied by imperfect permeability to dissolved substances appears to exist 
in certain cells, such as those of onion bulb scales, onion leaves and beet- 
root. When this is so plasmolysis will take place more slowly than when 
the cell-wall is readily permeable to the solute, for it will take some time 
for the solution immediately outside the protoplast to reach a concentra- 
tion high enough to induce plasmolysis. 
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CHAPTER IV 


THE RELATIONS OF THE PLANT CELL TO 
DISSOLVED SUBSTANCES 

Every organism absorbs from the environment not only water but a 
number of substances dissolved in the water, some of which, but not 
necessarily all, are necessary for the building up and functioning of the 
plant body. These substances pass into the plant in solution and are con : 
veyed through the plant for greater or less distances. They may them- 
selves ultimately be stored, or they may take part in reactions which 
result in the formation of other substances which may still be soluble in 
water or which may form solid inclusions in the cell. But any transference 
of such material must be in solution; solid particles are unable to pene- 
trate the cell membranes and pass from cell to cell. Hence we meet in all 
plants with the problems of the passage of such dissolved substances from 
the environment into the plant body, and the passage of these substances 
from cell to cell of the multicellular plant; that is, we have to do with the 
problem of the permeability of plant cells to dissolved substances. 

The term ‘permeability’ applied to the plant cell is often used some- 
what loosely to represent the capacity of the cell to allow the passage into 
it of substances under consideration without reference to any particular 
part of the cell influencing this entrance. A more exact way of viewing 
the question is to regard the outer layers of the vacuolated cell (the cell- 
wall and protoplasm) as constituting a membrane separating the cell 
interior from its surroundings, and the permeability of the cell mem- 
branes to a substance as a measure of the rate at which a substance is 
able to penetrate these membranes under certain defined conditions. 
Moreover, since it is very frequently, though not always, the case that 
most dissolved substances readily penetrate through the cell-wall, the 
measured rate of passage of a dissolved substance through the cell mem- 
branes is very often regarded as determined entirely by the plasmatic 
layer and hence to provide an indication of the permeability of the proto- 
plasm. Whether any retardation of entry of a dissolved substance into 
the cell is effected uniformly by the whole thickness of the protoplasm 
or by any particular part of it, such as the limiting layers (plasma- 
membranes), is a point on which information at present available is 
insufficient to form any reliable opinion, at any rate for the generality of 
cells. But it should be remembered that not all cells are vacuolated, and 
if the entrance of dissolved substance into non- vacuolated cells should be 
found to follow the same laws as that of the entrance of such substances 

52 
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into vacuolated cells, it would afford a strong argument for the view 
that the permeability of the cell membranes as a whole is determined by 
that of the limiting layers. However, we have as yet practically no inform- 
ation regarding the laws governing the entrance of dissolved substances 
into non-vacuolated plant cells; practically all our information has been 
derived from studies of vacuolated cells. 

Since we may regard the cell-wall and protoplasmic layer of the 
vacuolated cell as a membrane separating the cell interior from the 
surrounding medium, it will be as well if we first consider the laws which 
have been found to operate for the penetration of dissolved substances 
through isolated non-living membranes, and further, since with both 
non-living membranes and the cell, the relationship between the pene- 
tration of such substances through the membranes and their diffusion 
through water or solutions unimpeded by such membranes must arise, 
the discussion of the permeability of membranes will be preceded by 
a brief summary of the more important facts of the diffusion of dissolved 
substances in water. 


HYDRO-DIFFUSION 

The diffusion of dissolved substances through water was first sub- 
jected to systematic investigation by Thomas Graham in 1850, who 
showed that the rate at which a substance diffused through unit cross- 
section of a column of water depended on the nature of the substance, 
its concentration and the temperature. The relationship between these 
quantities was expressed mathematically by Fick in 1855 by the equation 

dc 

dS = - D^dt 
dx 

where dS is the quantity of dissolved substance passing through unit 

dc 

cross-section of liquid in a time dt at a point * where — is the concen- 

dx 

tration gradient (that is, the change of concentration with distance). The 
value of D depends on the nature of the substance and varies somewhat 
with the temperature and concentration. Its value at a defined tempera- 
ture and concentration is called the diffusion constant, diffusivity, or 
coefficient of diffusion of the substance at that temperature and concen- 
tration. The more rapidly a substance diffuses the larger is the value of 
D, for inspection of Fick’s equation will reveal the fact that the coefficient 
of diffusion is the quantity of substance diffusing across unit cross-section 
in unit time when the concentration gradient is unity (that is, when two 
cross-sections of the liquid at unit distance apart in the direction of the 
line of diffusion differ by unity in their concentrations). This law has been 
experimentally verified many times. 

N The diffusivity of a solute in water thus depends on (1) the nature of 
the substance, (2) its concentration and (8) the temperature. It should 
also be noted that the diffusivity will not necessarily be the same in 
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different solvents, and if a substance is diffusing, not through pure water, 
but through a solution of some other substance, the diffusivity is re- 
duced. We can understand that the presence of additional molecules in 
the medium results in further resistance to the movement of diffusing 
solute molecules. As regards the nature of the solute, some values for the 
coefficients of diffusion of a number of substances at temperatures mostly 
in the neighbourhood of 10° C. are collected in Table VII. It will be 
observed that the strong mineral acids and the strong alkalies are the 
most rapidly diffusing substances while salts of monovalent metals 
possess as a rule higher coefficients of diffusion than do those of divalent 
metals. Sulphates diffuse less rapidly than the corresponding chlorides 
and nitrates. Organic substances diffuse more slowly than the simpler 
salts and the smaller the molecule the more rapid the diffusion, while 
colloidal substances such as albumin diffuse very slowly. 

The concentration of the diffusing substance has a slight, though 
definite, effect on its coefficient of diffusion. On the whole the diffusivity 
of electrolytes decreases slightly with increasing concentration, a state of 
affairs partly attributable to decrease in the degree of ionization with 
increase in concentration and greater mobility of the constituent ions as 
compared with that of the undissociated molecule. The extent of the 
influence of concentration on diffusivity will become clear from an 
inspection of Table VIII in which are summarized some observations of 
Oholm on this subject. 

Temperature also has a definite effect on the coefficient of diffusion. 


Table VII 

Coefficients of Diffusion in Water of Various Substances 


Substance 

Concentration 
in gm. mols. 
per litre 

Hydrochloric acid . . . 

002 

Nitric acid 

002 

Sulphuric acid .... 

0 005 

Potassium hydroxide . 

002 

Potassium chloride . . . 

002 

Potassium nitrate . 

002 

Potassium .carbonate 

— 

Potassium sulphate , 

095 

Sodium chloride . . . 

002 

Magnesium sulphate . . 

— 

Ethyl alcohol .... 

005 

Glycerol 

0125 

Sucrose 

0-97 

Albumin 



Temperature 
in Centigrade 
degree* 

Coefficient 
of Diffusion 
in sq. cm. per 
»ec. x 10”* 

Observer 

18 

2-64 

Oholm 

19-5 

2 45 

Thovert 

18 

1*51 


18 

2 19 

Oholm 

18 

1-66 

•» 

17*6 

1*48 

Thovert 

18 

0*76 

De Heen 

196 

0 92 

Thovert 

18 

1-88 

Oholm 

18 

0-42 

De Heen 

11 

0-85 

Thovert 

1014 

0-41 

Heimbrodt 

18-5 

0-28 

Thovert 

18 

0-078 

Graham- 

Stefan 
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TabU VIII 


Effect of Concentration of a Solute on its Diffusivity 






- 

— - — 

Concentration 

Coefficient of Diffusion at 18° C. 
sq. cm. per sec. x 10~* 

in 

in gm. mols. 
per litre 



-- 

— 

IIC1 

KOH 

KC1 

NaCl 

- 

- 


— 

- 

001 . . 

2*69 

2 20 

1-69 

1*35 

002 . . 

2-64 

219 

1-60 

1-88 

005 . . 

2-61 

217 

1-63 

1 32 

010 . . 

2-58 

215 

1*61 

1-29 

0 20 . . 

2-55 

213 

1*58 

1*27 

100 . . 

2 57 

215 

1-54 

1 24 

200 . . 

— 

219 

1-53 

— 

2*8 . . . 

— 

— 

— 

1-23 

3 6... 

— 

— 

1-55 

— 

5-5 .. . 

— 

— 

— 

1*23 











With rise in temperature the diffusivity increases, and temperature co- 
efficients in relation to diffusivity have been determined for a variety of 
substances by a number of different workers. Calculations, based on these 
temperature coefficients, of the diffusivity in water of a number of sub- 
stances at 0° and 40° C. are shown in Table IX and indicate the extent 
to which diffusivity is likely to be affected by temperature in most living 
plants. It will be observed that with electrolytes the effect of a rise of as 
much as 40° C. results in the diffusivity increasing from 2 to 3 times. 
With sugars temperature appears to have a somewhat greater effect than 
with salts. 


TabU IX 

Diffusivity of Various Substances at 0° and 40° 


Substance 

Concentration 
in gm. mol. 
per litre 

Coefficient ol 
sq. cm. per 

0° 

Diffusion in 
sec. x 10“ # 

40° 

Hydrochloric acid 

0*02 

1*74 

3*74 

Potassium chloride 

002 

0 98 

2 56 

Potassium nitrate 

— 

0*79 

2*29 

Potassium carbonate 

— 

0*39 

122 

Sodium chloride 

002 

0*74 

2*06 

Sodium hydrogen phosphate . 

— 

0*48 

1*53 

Magnesium sulphate 

— 

0 24 

0*65 

Sucrose 

0*97 

0*12 

0*48 


As mentioned earlier, the diffusivity of a substance is lowered by the 
presence in the solvent of another dissolved substance, at any rate if this 
is a non-electrolyte. This was shown by Oholm for potassium chloride 

5 
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diffusing through solutions of glycerol and sucrose of different concentra- 
tions. Thus the diffusivity of this salt in a 2 M solution of sucrose was 
found to be 0*255 x 10“ 5 sq. cm. per second in pure water. In a strong 
solution of glycerol, one of 7*48 M, the diffusivity was only 0*201 X 10~ 5 
sq. cm. per second. 

Diffusion in gels, such as those of gelatin and agar-agar, is also slower 
than in pure water, but the retardation in diffusion brought about by the 
presence of the gel is, perhaps, not so great as might be expected. The 
results obtained by Stiles and Adair on the influence of the concentration 
of gels of agar-agar on the coefficient of diffusion of sodium chloride are 
shown in Table X. From the numbers given here it will be observed that 
the influence of temperature on the rate of diffusion of sodium chloride in 
a gel is much the same as with diffusion in water. 


Table X 


Coefficient of Diffusion of Sodium Chloride in Gels 
of Agar-agar of Different Concentrations at Various 
Temperatures 


Concentra- 
tion of agar- 
agar in per 
cent. 


05 
10 
2 0 
40 


Coefficient of Diffusion in sq. cm. per sec. x 10~ s 


00 ° 

20 1 ° 

402 ° 

0781 

1-386 

, . 

0 765 

1-357 

2-143 

0-738 

1 328 

2 084 

0 711 

1 290 

2 061 


PARTITION COEFFICIENTS 

So far we have considered the movement of dissolved substances 
through a still aqueous medium. If the latter is shaken the mixing of 
molecules of solute and solvent soon brings about a uniform distribution 
of solute throughout the solvent and a state of equilibrium results, which 
is only slowly attained by pure diffusion alone. 

Also we have only considered the movement of dissolved substances 
in a medium which is either homogeneous or in which the heterogeneity 
is of the colloidal type. But if we have a heterogeneous system consisting 
of two liquid phases, that is two liquids which do not mix, such as olive 
oil and water, in both of which a particular substance is soluble, its 
distribution throughout the whole system when equilibrium is reached 
will not be uniform, but the concentrations of the substance in the two 
phases will bear a constant relation to one another. Thus, if the system 
consists of two liquids with one solute which when equilibrium is reached 
possesses a concentration of C t in one of the liquids and C, in the other, 
then 
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where K is a constant which is called the partition coefficient, and which 
is independent of the presence of other solutes. Should the molecules of a 
solute undergo aggregation or polymerization in one of the liquids the 
partition law becomes 



C," 

where n is the number of molecules associated together in each aggregate. 

ADSORPTION 

The phenomenon of adsorption may play an important part in the 
relationships of dissolved substances in plant cells. At the surface of 
separation of two phases a dissolved substance will accumulate if the 
substance tends to lower the surface tension at the interface, the accu- 
mulation being spoken of as adsorption. If a substance in a fine state of 
division is dispersed through a liquid, molecules of a solute may be 
absorbed at the surface of the particles of the dispersed phase which is 
thus an adsorbent. The adsorption equation, giving the distribution at 
equilibrium of a solute between a liquid and an adsorbent is generally 
written in the form 


where x is the amount of solute adsorbed to a quantity m of adsorbent, 
C the concentration of the solute in the liquid at equilibrium, while K 

X 

and n are constants. Now — is of the nature of a concentration, and it 

m 

SC 

will be observed that if we write C, for — and C. for C in the adsorption 

m 

equation, the latter becomes identical with the equation representing 
the partition law when the solute undergoes aggregation in one of 
the solvents. 

In addition to purely mechanical adsorption attributable to the 
tendency to lower surface tension, adsorption may also occur on account 
of electrical conditions. Thus, if a surface possesses a negative charge 
there will be a tendency towards the deposition on the surface of any 
particle carrying a positive charge, a deposition of this kind being spoken 
of as electrical adsorption. 

THE PERMEABILITY OF MEMBRANES 

By the term membrane, as used in biology, is meant a thin layer of 
either solid or liquid material. Membranes may be prepared of a large 
number of non-living materials, and a large number of observations on 
the permeability of dissolved substances through such membranes have 
been made in the hope that such observations might throw light on the 
mechanism of the permeability of living cells. The permeability of many 
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different kinds of membranes has been examined, but two types in 
particular have formed the subject of such investigations, namely, 
membranes of collodion and the precipitation membranes of which that 
of copper ferrocyanide is the best known. 

Collodion membranes have proved particularly useful for work on 
permeability because it is possible to obtain them with widely varying 
degrees of permeability. The method employed by W. Brown for prepar- 
ing such membranes consists in immersing air-dried membranes of 
collodion, which have a very low permeability, in solutions of alcohol in 



Fig. 5. — Curves showing the rate of passage of methylene blue through membranes of 

different permeability 
(Constructed from the data of W. Brown) 


water for a time and then immersing the membranes in water. The 
permeability of collodion membranes treated in this way increases with 
increase in the concentration of the alcohol solution employed. Thus in 
Fig. 5 are shown curves, constructed from data published by Brown, 
showing the different rates at which methylene blue penetrates through 
membranes graded in alcohol solutions of five different concentrations 
(70, 72-5, 75, 77*5 and 80 per cent.). A membrane graded in a solution of 
ethyl alcohol of lower concentration than 70 per cent, is impermeable to 
methylene blue. Since usable membranes can be obtained with alcohol 
solutions ranging in concentration from 0 to 97 per cent, a very wide 
range of permeabilities can be obtained with such membranes. 
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Brown obtained an indication of the relative penetrability of various 
substances through collodion membranes by determining the strength of 
alcohol in which the collodion had to be graded in order to produce a 
membrane which permitted the passage through it of each substance 
examined. He defined the alcohol index of a substance as the number 
representing the concentration of alcohol in per cent, in which the 
collodion had to be graded in order just to prevent the diffusion of the 
substance. The higher the alcohol index, the less is the penetrability of 
the substance through collodion membranes. The alcohol indices of a 
number of substances are shown in Table XI; the higher the substance in 
this table, the greater its penetrability. 

Table XI 

Alcohol Indices of a Number of Substances 


Substance 



Alcohol Index 

Sodium chloride 



0 

Potassium permanganate 



30-40 

Picric acid 



35 - 40 

Copper sulphate 



60 - 70 

Potassium oxalate 



60 - 70 

Sodium sulphate 



60 ~ 70 

Bismark Brown. 



65 

Methylene Blue 



70 

Neutral Red 



. 72 5 - 75 

Safranin . 



75 - 77-5 

Dextrin . 



85 - 87-5 

Starch 



90 

Aniline Blue 



92 

Litmus (neutral) 



93 

Congo Red 



96 

Night Blue 



96 


Subsequently the penetration of a number of substances through such 
collodion membranes was directly measured by Collandcr. This worker 
used membranes of three different degrees of permeability obtained by 
grading in 0, 68 and 80 per cent, alcohol solutions respectively. By 
measuring the rate of passage of the various substances through these 
membranes under known differences of concentration of the substance he 
obtained values for the permeability of the different membranes to the 
different substances. When these values are compared with those of the 
size of the molecule as indicated by the molecular refraction, it appears 
that with non-electrolytes or slightly dissociated electrolytes the size of 
the molecule is the dominating factor in determining the penetrability of 
the substance. An inspection of Collander’s results, summarized in Table 
XII, shows that very generally the permeability to the various sub- 
stances examined decreases with increase in molecular size. Deviations 
from the rule are for the most part slight and are confined to a few acids 
(acetic, glycollic, propionic, monochloracetic and valeric) and to phenol 
and m-nitrophenol, while with some of the acids the deviation is slight 
enough to be accounted for by experimental error. 
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Table XII 

Permeability of Collodion Membranes to Various Substances 






Molecular 

refraction 

Relative permeability of membrane 
graded in 

Substance 



(proportional 
to molecular 
volume) 

0% 

alcohol 

68% 

alcohol 

80% 

alcohol 

Ammonia . 




5-78 

25 0 

75 0 

100*0 

Hydrogen peroxide 



5-02 

10 5 

— 

— 

Methyl alcohol . 




8 34 

8-2 

— 

— 

Formic acid . 




8*57 

7-3 

41 4 

86 4 

Formamide . 




10 61 

60 

— 

— 

Ethyl alcohol . 




12-78 

1*0 

— 

— . 

Acetic acid . 




13 02 

1-8 

20 1 

— 

Urea 




13 67 

10 

— 

— 

Ethylene glycol 




14 40 

05 

— 

— 

Glycollic acid . 




14 50 

0-6 

108 

374 

Propionic acid 




17-55 

1-1 

15 4 

— 

Monochloracetic acid 



17*84 

14 

18-8 

— - 

Malonic acid 




19 13 

0 2 

7 3 

— 

Lactic acid . 




1919 

02 

43 

30*3 

Isobutyl alcohol 




22*19 

c. 0-2 

— 

— 

Pyruvic acid 




23*74 

0 1 

0 2 

— 

Malic acid . 




25-27 

00 

19 

18-2 

Isoamyl alcohol 




26-74 

C . 0 1 

— 

— 

Tartaric acid 




2679 

00 

0*7 

96 

Valeric acid 




26-85 

c. 0 1 

5 2 

— 

Phenol . 




27 95 

3 2 

— 

— 

Isovaleramide . 




28*72 

00 

— 

— 

Methyl-ethyl- malonic acid 


32-98 

0*0 

00 

11*7 

m-Nitrophenol 

. 



34 08 

0 7 

— 

— 

Citric acid . 



• | 

3604 

00 

0*2 

60 

Mannitol 




3906 

00 

— 

— 

Quinic acid . 




39 96 

0*0 

02 

50 

Antipyrin . . 




55 37 

00 

— 

— 

Sucrose . 




7085 

0-0 

— 

1*0 


These results strongly suggest that the collodion membrane can be 
regarded as a sieve through the meshes of which the molecules of the 
diffusing substance pass. The meshes may actually be water or an 
aqueous solution forming pores or tube-like channels in a collodion 
framework. These pores are likely to vary in size, so that the larger the 
diffusing molecules the smaller will be the effective area of membrane 
through which they can pass, for the molecule can only pass through a 
pore provided the diameter of the latter is greater than that of the 
. molecule of solute. The exceptions to the rule can be accounted for, 
partly as we have seen, by experimental error, partly by error involved 
in assuming the volume of a molecule of a solute in water to be directly 
proportional to the molecular refraction in all cases, but partly also 
perhaps to some substances diffusing through the collodion phase of the 
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membrane as well as through the pores, which might well be the explana- 
tion of the abnormally high permeability of the membranes to phenol 
and m-nitrophenol. 

The permeability of collodion membranes to electrolytes appears to 
be a more complex matter. Michaelis found that the slightly permeable 
air-dried collodion membrane was permeable for univalent cations, but 
practically impermeable to all anions and to multivalent cations. In such 
cases movement of cations through the membrane involves a movement 
of hydrogen ions in the reverse direction from the water on the far side 
of the membrane. The order of penetrability of the univalent ions is the 
same as that of the mobility of the ions when diffusing in water, but the 
relative differences between the mobilities are much greater in the case 
of diffusion through the membrane than in that of free diffusion in water. 
Michaelis concluded that the diffusion of the ions through the membrane 
is partly determined by the size of the pores in the membrane, but that 
the movement of the ions is complicated by electrical phenomena. The 
walls of the pores or tubes in the membrane are supposed to carry a 
negative charge and this repels the negatively charged anions which are 
therefore unable to penetrate the membrane. Further, the charge on an 
ion holds bound to it by electrostatic attraction some surrounding water 
molecules, with the consequence that the size of the moving particle is 
increased and a retardation of the movement of this particle must be 
brought about if it comes near enough to the pore-wall for adhesion to 
become operative. 

Collander’s observations agreed with those of Michaelis. His results 
dealing with the penetration of some strongly dissociated acids are 
shown in Table XIII where the permeability of the membranes to am- 
monia is also shown for the sake of comparison. The low permeability of 
the membranes to the acids is attributed to the slow penetration of the 
anion as explained by Michaelis. 


Table XIII 


Permeability of Collodion Membranes to Acids 


Substance 

Relative permeability of membrane graded in 

0% alcohol 68% alcohol 80% alcohol 

Ammonia 

. 250 

75 0 

1000 

Nitric acid 

06 

7-2 

_ 

Hydrochloric acid . 

. 01 

2 6 

— 

Phosphoric acid 

00 

05 

0 0 

Sulphuric acid 

00 

0*2 

3*3 

Precipitation membranes can be conveniently prepared of a number 


of ferrocyanides, ferricyanides and cobalticyanides by precipitating them 
in the walls of a porous pot. Thus the copper ferrocyanide membrane is 
formed when a solution of copper sulphate is separated from one of 
potassium ferrocyanide by a porous pot, the solutions meeting in the 
wall of the pot, where the copper ferrocyanide is deposited in the form of 
a gel. 
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The various precipitation membranes vary in their permeability, one 
of gelatin-tannic acid being the most permeable and the copper ferro- 
cyanide membrane the least permeable, while each membrane exhibits 
different degrees of permeability to different substances. Thus, in 1867 
Traube found the copper ferrocyanide membrane permeable to potas- 
sium, sodium and ammonium chlorides, but impermeable to calcium and 
barium chlorides, potassium and ammonium sulphates and barium 
nitrate. Although the results of later investigations by various workers 
exhibit differences in detail, certain conclusions may be drawn regarding 
the permeability of precipitation membranes to dissolved substances. 
Thus from the very extensive series of observations published in 1892 by 
Walden which dealt with experiments made with a variety of membranes 
and a considerable number of diffusing solutes, it appeared that although 
the membranes used varied in their permeability, yet the order of 
permeability of the various diffusing substances was the same in each 
case. Potassium and ammonium chlorides, bromides and iodides passed 
through the membranes most easily, and in general, acids and salts 
containing at least one univalent ion passed through the membranes 
more readily than those with divalent ions. Thus, molecular size as 
indicated by the number of atoms in the molecule does not appear to be 
the only factor determining the penetrability of the substance, for 
sodium acetate and sodium oxalate have the same number of atoms in 
the molecule, but precipitation membranes are more permeable to 
sodium acetate than to sodium oxalate. Similarly, these membranes are 
more permeable to sodium thiosulphate than to sodium sulphate which 
contains the same number of atoms as the thiosulphate. Thus Walden 
concluded that the nature and arrangement of the atoms in the molecule, 
the chemical constitution, that is, are more important in determining the 
permeability than the size of the molecule as indicated by the number of 
atoms in it. 

Tammann’s observations also published in 1892 on the permeability 
of three different precipitation membranes to 17 dyes showed certain 
irregularities in the order of penetration of the different dyes through the 
various membranes. Thus as regards these dyes he found the gelatin- 
tannic acid membrane was permeable to eleven, the zinc ferrocyanide 
membrane to seven and the copper ferrocyanide membrane to five, so that 
the last-named membrane was the least permeable and the gelatin-tannic 
acid membrane the most permeable of the three. Yet fuchsin chloride was 
able to penetrate the copper ferrocyanide membrane but not that of zinc 
ferrocyanide, while cotton blue was able to penetrate the zinc ferro- 
cyanide membrane but not that of gelatin-tannic acid. 

In more recent years the relation between the nature of a substance 
and its penetrability through the copper ferrocyanide precipitation 
membrane has been investigated by Collander, his results appearing in 
the years 1928 and 1924. Using a considerable number of organic sub- 
stances he determined the quantity of each diffusing through the 
membrane in a definite time. With non-electrolytes and organic adds 
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Collander found the same general relationship between the molecular 
volume and penetration through the membrane as with collodion mem- 
branes; the smaller the molecule, the more rapidly it diffused through the 
membrane. Here also there were a few minor deviations, but for the most 

* part the results obtained can be explained on the view that the copper 
ferrocyanide membrane, like collodion membranes, acts as a molecular 
sieve or ultra-filter. Indeed, there is here a moderately sharp division 
between substances which diffuse readily and those which penetrate 
with difficulty, which would suggest a rather uniform size of pore or 
capillary in the membrane. Thus, isopropyl alcohol, a-propylene glycol 
and glycerol with molecular volumes of 82-0, 85-2 and 87 0 respectively 
in the units employed by Collander, passed through the membrane 
readily, whereas phenol, isobutyl alcohol and ethyl acetate with mole- 
cular volumes of 101-8, 102-0 and 106-0 respectively, passed through 

• very slowly. 

The permeability of collodion and precipitation membranes to solutes 
is thus very largely explicable on the view that the membranes behave 
like sieves, molecules or molecular aggregates of the solutes passing 
through the membranes so long as the pores or tubes in the membrane 
are large enough to allow the passage through them of the diffusing 
particles. But it is clear that all membranes are not of this kind. Thus a 
film of oil or paraffin on the surface of water can be regarded as a 
membrane, and this must be regarded as a homogeneous layer, the only 
discontinuity being that involved in the arrangement of the molecules. 
Diffusion of a substance through a membrane of this kind involves the 
passage of molecules of the solution between the molecules of the material 
of the membrane, but this simply amounts to solution of the solute 
in the membrane. A substance might also pass through a homogeneous 
membrane if its molecules entered into some form of association with 
those of the membrane, either by chemical combination or adsorption, 
the association being reversible so that on the far side of the membrane 
the chemical or adsorption compound breaks down and the solute is 
released. 

Hence with a single-phase membrane such as a film of oil, perme- 
ability will be a function of the solubility of the diffusing substance in 
the membrane or of the combination of the molecules of solute and 
. membrane in some kind of reversible association. When the membrane 
involves two or more phases, either in the form of a colloid or of a coarser 
structure, the permeability may be determined by the size of the pores 
which constitute one of the phases. Even in heterogeneous membranes of 
this kind a diffusing substance may also be more or less soluble in the 
major phase of the membrane, in which case it will diffuse in solution 
through that phase as through a homogeneous membrane. The possibility 
of transference of the substance through the membrane by the formation 
of a reversible compound of substance and membrane material is still 
. possible. 

There are thus three theories of membrane permeability. The 
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solution and combination theories are particularly applicable to homo- 
geneous single-phase membranes while the third theory, the sieve or 
ultra-filtration theory, applies only to two-phase membranes such as 
those of collodion and the precipitation membranes. With such mem- 
branes, however, a combination of ultra-filtration through the pores or 
capillaries of the membrane with solution in the more voluminous phase 
of the membrane, or with combination between diffusing substance and 
membrane, is always a possibility. As will be seen later, all three theories 
have been invoked to account for the permeability properties of plant 
cells. 


DONNAN EQUILIBRIUM 


When a membrane separates pure water from an aqueous solution of 
a substance to which the membrane is permeable, the substance will 
diffuse through the membrane until there is equality of concentration of 
the substance on the two sides of the membrane. Similarly, if there are 
in the system two dissolved substances, non-electrolytes, to which the 
membrane is completely permeable, the distribution of these at equil- 
ibrium is such that there is equality of concentration of each substance 
on the two sides of the membrane. With two electrolytes without a 
common ion the same is the case; at equilibrium the concentration of 
each of the constituent ions and of each non-ionized molecule will be 
respectively the same on the two sides of the membrane. But if the two 
electrolytes possess a common ion to which the membrane is permeable, 
while the other ion can penetrate the membrane in the case of one 
substance, but not of the other, the distribution of the various ions at 
equilibrium does not correspond to equal concentration of each ion on 
the two sides of the membrane. 

Thus, let us suppose that we have on one side of the membrane unit 
volume of a solution of sodium chloride to both ions of which the 
■membrane is permeable, and on the other side of the membrane the same 
volume of a solution of another sodium salt to the anion of which the 
membrane is impermeable; such might be a dye consisting of a sodium 
salt of an organic acid yielding a large colloidal anion, or a sodium 
proteinate of some kind. If we represent the indiffusible anion by the 
symbol An, and if, to simplify the case, we asstime that both electrolytes 
are completely ionized and monovalent, then before the commencement 
of diffusion the system can be represented thus: 


C,(Na+) 

t(Cl-) 


C,(Na+) 

C,(An-) 


where C t represents the concentration of the ions of sodium chloride and 
C, that of the salt with the indiffusible anion. Since the ion An- cannot 
pass through the membrane diffusion is limited to the sodium chloride, 
which will pass through the membrane until equilibrium is reached. 

When equilibrium is established a certain amount of sodium chloride 
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will have diffused through the membrane and the system can now be 
represented thus: 

(C, - *)(Na+) (C, + *)(Na+) 

(Ci - *)(C1-) 4C1-) 

C,(An-) 

Now ions can only penetrate the membrane under two conditions. 
Either there must be an interchange of equal numbers of ions of the same 
sign between the two sides of the membrane, or an equal number of ions 
of opposite sign must pass through the membrane together. That means 
that at equilibrium the number of Na+ and Cl~ ions which strike the 
membrane at the same time during unit time on the one side must equal 
the number of Na + and Cl - ions which strike the membrane together 
during unit time on the other side. Now the number of pairs of ions which 
strike the membrane together in unit time is proportional to the product 
of the concentrations. Hence at equilibrium we shall have the relation 

(C, - *)* = *(C, + x) 

where C x is the original concentration of sodium chloride and C* the 
original concentration of the electrolyte with the indiffusible anion and 
x the quantity of sodium chloride which diffuses through the membrane, 
and which equals numerically the change in concentration since unit 
volume of solution is assumed to be present on each side of the membrane. 
It is clear that at equilibrium the concentration of the diffusing salt will 
be less in the solution on the side of the membrane containing the 
indiffusible ion than on the side containing the diffusible salt only. For 
if this were not so and the concentration of sodium chloride were the 
same on the two sides, the product of the sodium and chloride ions on the 
side containing the indiffusible anion would be greater than on the side 
containing only the sodium chloride. 

How uneven the distribution of the permeable salt may be, depends 
on the relative concentrations of the diffusible and indiffusible salts, the 
weaker the concentration of the former in relation to the latter, the 
further the conditions at equilibrium are removed from equality of 
concentration. This is illustrated by the numbers given in the following 
table, it being assumed that both electrolytes are practically wholly 
dissociated into their constituent ions. The numbers are, of course, 
equally applicable to other substances. 

Table XIV 

Concentrations at Equilibrium of Sodium Chloride on two 
sides of a Membrane if a Sodium Salt with an 
indiffusible Anion is present on one side 


Batio of Concentrations 

Percentage of sodium chloride 
on two sides of the membrane 

NaAn 

On side with 

On side without 

NaCi 

indiiftisible anion 

indiffusible anion 

001 

498 

50*2 

01 

47-6 

52 4 

10 

88 

67 

10*0 

8-8 

91-7 

100 

1 

99 
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If instead of electrolytes with a common ion we have to do with a 
membrane separating two electrolytes with no ion in common, as, for 
example, potassium chloride in which both ions can penetrate the 
membrane and a sodium salt with an indiffusible anion as in the case just 
considered, the question of the equilibrium is more complicated. Since 
the K + Na+ and Cl - ions can all penetrate the membrane, at equilibrium 
there will be a certain concentration of each of these on either side of the 
membrane. Not only does potassium chloride diffuse through the mem- 
brane, but the sodium ion will diffuse through in the opposite direction, 
so that there is a certain exchange of cations between the solutions on the 
two sides of the membrane. Here also the concentrations of each ion on 
the two sides of the membrane are not the same, but the products of the 
concentrations of each pair of oppositely charged diffusible ions (K + and 
Cl - , and Na+ and Cl - in the example taken) are the same on the two sides 
of the membrane. The actual relative concentrations of the various ions 
on the two sides of the membrane for this case of two electrolytes without 
a common ion, separated by a membrane impermeable to one ion of the 
four but permeable to the other three, are summarized in Table XV. 


Table XV 

Donnan Equilibrium in the case of Two Electrolytes without a 

common Ion 


Ratio of 
concentrations 
NaAn 
KC1 


Percentage of various ions on the two sides 


On side with 
indiffusible anion 



K 

Na 

Cl 

K 

Na 

Cl 

01 . . 


50 

50 

50 

50 

50 

50 

1 . . 


67 

67 

83 

83 

88 

67 

10 . . 

, 

90 

92 

10 

10 

8 

90 

100 . . 

• 

99 

99 

1 

i 

1 | 

1 

99 


On side without 
indiffusible anion 


It will also be noted that, since these considerations refer to equil- 
ibrium conditions, it is immaterial whether at the beginning of diffusion 
the completely diffusible electrolyte is on the same side of the membrane 
as the electrolyte with the indiffusible ion, or on the other side; the same 
position of equilibrium will be reached in both cases. 

The important point emerges, therefore, that when a membrane 
separates two electrolytes, one of which possesses one ion to which 
the membrane is impermeable, there will generally result an unequal 
distribution of ions on the two sides of the membrane. Thus, diffusion 
may cease long before equality of concentration is reached; in other 
cases, as an inspection of Table XV shows, the diffusion may proceed 
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very much beyond the position corresponding to equality of concentra- 
tion, so that there is a movement of the ion up its concentration gradient 
and an accumulation of the ion on the far side of the membrane. 

THE ENTRANCE OF DISSOLVED SUBSTANCES INTO PLANT CELLS 

With these considerations of membrane permeability in mind we are 
in a better position for examining the question of cell permeability. We 
may note in the first place that the passage of solutes into the cell is 
independent of the passage of water, for we should expect the entrance of 
both to proceed towards their own positions of equilibrium. If the solute 
is continually removed in some way, no position of equilibrium would 
ever be reached, and for this reason the absorption of a solute by a 
portion of tissue attached to a plant may differ from the observed 
absorption by the same tissue when isolated from the rest of the plant. 

The rate of entrance of a solute into a cell depends on the concentra- 
tion of the solute outside and inside the cell and on the permeability of 
the cell membranes to the substance. It may also be influenced by 
temperature and possibly by other factors of the environment such as 
light and the presence of other substances. It has already been noted 
how, with electrolytes, the matter may be complicated by the presence 
of electrolytes with non-diffusible ions, so that it cannot be assumed 
that the rate of entry of an ion into a cell is proportional to the differ- 
ence in its concentration on the two sides of the cell membranes. Also, 
removal of the solute inside the cell by chemical combination or adsorp- 
tion would lead to an accumulation of the substance and its entrance, 
apparently, though not actually, against its own concentration gradient. 

It will thus be clear that the rate of absorption of a substance by a 
cell must not be regarded as a measure of the permeability of the cell 
membranes. These latter may be equally permeable to two substances, 
but if one is accumulated by the cell and the other not, both the total 
amount of substance absorbed and, for the greater part of the time, the 
rate of its entrance into the cell may be very different in the two cases. 

Unless definitely stated otherwise, the term permeability of the cell 
used here refers to the permeability of all the membranes (cell-wall and 
protoplasm) which separate the sap in the vacuole from liquid outside the 
cell. The permeability of the cell to a substance may be quantitatively 
defined as the amount of the substance passing through unit area of the 
cell membrane in unit time under unit difference of concentration of 
the substance on the two sides of the membrane, provided that the 
complications introduced by the conditions bringing about a Donnan 
equilibrium are not operative. - 

THE QUALITATIVE DETERMINATION OF PERMEABILITY TO 

SOLUTES 

The quantitative measurement of cell permeability is frequently 
fraught with many difficulties, but the mere qualitative determination of 
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permeability is often quite simple. Thus the entry of a dye into the cell 
may be proved by the staining of the cell contents, while some cells 
contain indicators which change colour on the entry of an acid or alkali. 
The pigment, for instance, present in the cells of the root of red beet 
changes in colour from red to blue when a piece of the root is placed in a 
solution of ammonia, thus indicating that the cells are permeable to that 
substance. Again, many cells contain a substance in solution which reacts 
with an entering substance to produce a precipitate or give a particular 
coloration. Thus Osterhout found that in the root hairs of seedlings of 
Dianlhus barbatus crystals of calcium oxalate are formed when the roots 
are immersed in a solution of a calcium salt, but not otherwise. Again, 
the entrance of iron salts into cells containing tannin is rendered obvious 
by the production of a blue colour. The absorption of copper salts by a 
tree of Quercus macrocarpa was observed by MacDougall owing to an 
accumulation of metallic copper in the cells. The formation of starch 
which takes place when leaves are floated on solutions of sugar or glycerol 
in the dark is likewise evidence that the cells must be permeable to these 
substances. 

Even when the penetration of the substance into the cell is not 
accompanied by any visible change, its entrance may often be demon- 
strated by the application of a microchemical test. Thus the penetration 
of potassium nitrate or of one or other of its constituent ions has been 
demonstrated in many different kinds of plant cells, by testing with 
diphenylamine, which gives a blue coloration with nitrate, or with 
platinic chloride which yields under certain conditions a precipitate of 
potassium chloroplatinate. 

Not only may a visible change in the cell interior indicate the entrance 
of a substance into the cell, but a visible change in the external medium 
may do so as well. The absorption of a dye or some other substance 
which yields a coloured solution may be made obvious by the lessening 
of the depth of colour of such a solution when brought into contact with 
plant tissue. While this behaviour indicates absorption of the dissolved 
substance by the tissue it does not prove that the cell membranes are 
permeable to the substance, for the solute may be retained by the 
membranes and not reach the interior of the cell at all. The diffusion of 
a substance out from the cell may sometimes be observed by visible 
changes produced in the external medium. Thus, the diffusion of a 
pigment from the cell-sap to the external medium might be made plain 
in this way, and would indicate the permeability of the cell membranes 
to the pigment. The diffusion of an acid or alkali into the external 
medium might be shown by the addition to the latter of an indicator, or 
a precipitate might be produced by a substance diffusing out from the 
cell interior if a suitable precipitant is present in the external solution. 

Recovery from plasmolysis may also form an indication of perme- 
ability of a living cell to a solute. If a cell is immersed in a strong enough 
solution of a solute it will become plasmolysed, but if the cell membranes 
are permeable to the solute, as the latter enters the cell the osmotic 
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pressure of the cell-sap will increase, provided the solute does not enter 
into any association with materials in the cell resulting in the withdrawal 
of the solute from osmotic activity. As the osmotic pressure of the cell 
increases water will enter from the external medium, so that there is a 
gradual recovery from plasmolysis. Hence deplasmolysis can be used as 
evidence of the permeability of the cell membranes to a solute. 


THE QUANTITATIVE MEASUREMENT OF THE INTAKE OF 
DISSOLVED SUBSTANCES BY PLANT CELLS 

The measurement of the amount of dissolved substance absorbed by 
plant cells, or of the rate of entrance of a dissolved substance into plant 
cells, has been made by a variety of ways, but all depend either on 
determining the loss of material from the external solution or the gain in 
the substance by the cell. 

The loss of material from the external solution may be determined by 
chemical analysis of the solution, a method which has been much used. 
With coloured solutions the absorption of the substance has frequently 
been followed and measured quantitatively by colorimetric determina- 
tions by means of a colorimeter. The absorption of hydrogen ions or 
hydroxyl ions may be measured by determining the hydrogen-ion con- 
centration either by the colorimetric indicator method or by the use of 
the hydrogen electrode. In the case of acids the quinhydrone electrode 
is now found to be the most generally satisfactory for this purpose. The 
absorption of electrolytes can be followed by observing the change in 
electrical conductivity of the external solution, but with this method a 
complication is introduced by the exosmosis of electrolytes from the cells, 
as well as by possible changes in the degree of ionic dissociation of 
the electrolyte with change in its concentration, a factor which may 
be of significance if the change in concentration of the electrolyte is 
considerable. 

Similar methods to these can be used for determining the gain in the 
quantity of a substance by the cells, the cell-sap being pressed out and 
then analysed chemically or colorimetrically, or having its hydrogen-ion 
concentration or electrical conductivity measured. Where the cells are 
large enough, determinations can be made on single cells, and this has 
been done with Valonia, Chara, and X it el la. Many other observations 
have been made with masses of cells in the form of pieces of tissue. 

The disadvantage of methods for measuring solute intake which 
involve analysing the cell-sap is that only one determination can be made 
on one cell or sample of tissue. The analysis of the external solution, on 
the other hand, often allows the course of absorption to be followed with 
one sample of tissue. This is so where small samples of the liquid can be 
removed from time to time, or where the fall in the electrical conductivity 
is used as the criterion of absorption, since the measurements can be 
made without removal of any of the liquid external to the cells. It should, 
however, be noted that this type of method only provides information 
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regarding the absorption of material; it does not tell us whether the 
substance is absorbed by cell- wall, protoplasm or vacuole or whether it is 
distributed between all three phases of the cell. The same drawback 
applies, though to a less degree, to methods depending on the analysis of 
cell-sap. Here the separation of cell-wall from the cell interior may 
be complete, but the separation of protoplasm and vacuole, though 
attempted, is difficult of achievement. 

Much use has been made of the phenomenon of deplasmolysis for 
measuring the intake of substance into the cell. As already pointed out, 
the recovery of a cell from plasmolysis indicates the entry of a dissolved 
substance from the external solution into the cells. 

A number of attempts have been made to make the method quan- 
titative, of which special mention may be made of those of Fitting and 
Hotter. Fitting plasmolysed similar cells of Rhoeo discolor in solutions of 
a salt of different concentrations. The stronger the solution, the greater 
the degree of plasmolysis, so that as the cells in a stronger solution 
deplasmolyse owing to entry of the salt, a stage will be reached in which 
the degree of plasmolysis is the same as that produced at first by a weaker 
solution. During the time that elapses between the commencement of 
deplasmolysis in the stronger solution and the arrival at this stage 
corresponding to the degree of plasmolysis in the weaker solution, a 
quantity of salt must have entered the cells sufficient to raise the 
concentration of salt in the cells by the difference in concentration 
between the stronger and weaker solutions. A little consideration will be 
sufficient to make this clear. If a plasmolysing solution of concentration 
X reduces the volume of the protoplast to V x and one of a weaker 
concentration Y reduces the volume of the protoplast to V„, and if C 
represents the quantity of osmotic material in the cell, we have, before 
the entry of any solute into the cell, equality of osmotic concentration 
inside and out, whence 

C C 

X = v - and Y = v - 

or 

C = XV, = YV„ 

When deplasmolysis in the stronger solution reaches the point where the 
volume of the cell is V„, then similarly 

C + m = XV„ 

where m represents the quantity of solute which has entered the cell. 

Consequently 

m - V^X - Y) 
or 



that is, the increase in concentration of solute in the cell is equal to the 
difference between the two plasmolysing concentrations. 
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A difficulty lies in determining exactly the degree of plasmolysis. 
Fitting made use of the fact that in a piece of tissue the cells do not all 
plasmolyse in the same concentration, and he took as a measure of the 
degree of plasmolysis the proportion of the cells in a preparation which 
are plasmolysed, such as onc-third, one-half and two-thirds. Thus, with 
a concentration of say X, two-thirds of the cells of a preparation are 
plasmolysed while with a lower concentration Y only one-half of the cells 
plasmolyse. As the solute enters the cells surrounded by the solution X 
those plasmolysed gradually deplasinolyse until a stage will be reached 
when only one-half of the cells of the preparation are plasmolysed. 
Enough solute must then have entered the cells to raise their concentra- 
tion by the difference between X and Y. 

Hofler’s plasmometric method makes use of the same principle, but 
the degree of plasmolysis is determined by actual measurements of the 
size of the cells, and the rate of deplasmolysis is followed by means of 
measurements made on individual cells. The amount of solute which 
enters the cell over any period of time during deplasmolysis is obviously 
equal to the product of the concentration of the external solution and the 
increase in volume during that time. 

It will be observed that plasmolytic methods of measuring the intake 
of substances into the living cell differ from the methods previously 
considered in that they involve the assumption that the absorbed solute 
remains osmotically active when it reaches the cell interior. The method 
further assumes that exosmosis of osmotically active material from the 
cell does not take place to any significant extent. In all probability these 
assumptions are not always justified. 

Where the assumptions just mentioned are justified, it will be 
observed that the method of deplasmolysis gives data not only with 
regard to absorption, but also with regard to the actual permeability 
of the cell membranes. This question will be considered later in this 
chapter. 

THE ABSORPTION OF ELECTROLYTES BY PLANT TISSUE 

Observations on the absorption of salts and other electrolytes during 
the last 40 years has made it clear that very generally the molecules of 
electrolytes do not enter the cell as such but diffuse into the cell in the 
form of their constituent ions, and that, moreover, the two ions of an 
electrolyte may be absorbed to different extents. The entrance of an 
excess of one ion cannot, on account of electric attraction of oppositely 
charged ions, take place without the replacement of the excess by a 
quantity of another ion carrying the same amount of charge of the same 
sign. There are two obvious ways in which the replacement could be 
made. Either one of the ions of water might replace the excess of ion in 
the external solution, or there could be an exosmosis of ion of the same 
sign into the external solution. Thus, if we suppose that potassium 
chloride is absorbed by a plant cell, but that more potassium ions are 
6 
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absorbed than chloride ions, the excess potassium ions might be replaced 
by an equal number of hydrogen ions resulting from the dissociation of 
water. In this case the hydroxyl ions corresponding to these hydrogen 
ions accompany into the cell the excess potassium ions which they equal 
in number. One result of this will be that the external solution becomes 
acid owing to the presence of free hydrogen ions. The fact observed many 
years ago that the solutions used for water cultures sometimes become 
acid or alkaline can be accounted for in this way, though other explana- 
tions are possible. On the other hand, the excess potassium absorbed 
might be replaced by the diffusion out from the cell of some other cation 
such as magnesium or calcium, and there is evidence that in some cases at 
any rate such an exchange of ions is involved in the unequal absorption 
of the constituent ions of an electrolyte. 

That the constituent ions of a single salt are absorbed to unequal 
extents has been shown to be the case for a large number of storage 
tissues when immersed in solutions of a variety of single salts. In 1909 
both Meurer and Ruhland observed that slices of beetroot and root of 
carrot placed in solutions of potassium chloride, sodium chloride and 
calcium chloride absorbed more cation than anion, while from potassium 
nitrate more anion than cation was absorbed by carrot tissue. If the 
tissue is killed first, the two ions are absorbed in equal quantities so that 
the unequal absorption is a function of living cells. Some results with a 
variety of salts and tissues published by Stiles in 1924 are summarized 
in Table XVI. 


Table XVI 

The Unequal Absorption of the Constituent Ions of a Single Salt by 

Storage Tissue 


Salt 


Ammonium chloride 
„ phosphate 

M 99 

99 99 

99 99 

„ sulphate 

Potassium chloride . 
Sodium chloride . 

99 99 • • 

99 99 • • 

Sodium sulphate . 


Cone, of | 

Salt in , Tissue 
Normalities 1 




001 

Carrot 

002 

>9 

99 

99 

99 

Parsnip 

99 

Beetroot 

01 

Carrot 

99 

99 

99 

Artichoke 

99 

Carrot 

» 

Bryony 

99 

Carrot 


Absorption in 


Duration of 
Experiment 
in Hours 

per cent, of 
Original Amount 

Cation 

Anion 


48*0 

57*2 

82*2 

28*5 

28*85 

0*0 

27*5 

84 1 

005 

24*33 

34*5 

8*2 

24*5 

10*6 

5*1 

22*0 

8*9 

4*2 

22*0 

4*0 

0*8 

22*0 

5*4 

1*9 

47*1 

18*5 

8*5 

50*2 

21*0 

8*4 

22*0 

15*0 

8*0 


In these experiments determinations of the hydrogen-ion concen- 
tration of the solutions external to the tissue showed that they remain 
practically neutral through the period of absorption, so that the excess 
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of cation absorbed is not replaced in the external solution by hydrogen 
ions. On the other hand, direct evidence was obtained of the diffusion out 
from the tissue of other cations. Thus, taking a definite case, carrot root 
tissue was immersed for 47 hours in a solution of sodium chloride of con- 
centration 0*1 N. After removal of the tissue at the end of this time the 
concentrations of various ions, assuming complete ionic dissociation, 
were, in normalities: chloride 0-092, sodium 0-075, calcium 0-009, potas- 
sium 0-003 and magnesium a trace. The excess of sodium absorbed was 
thus replaced by calcium, potassium and magnesium. That the molecules 
do not exactly balance could be attributed to experimental error since 
this might be fairly large on account of the small quantities of material 
involved. 

The unequal absorption of ions is not limited to storage tissue but has 
been observed by various workers to occur in the absorption of salts by 
the roots of a large number of flowering plants growing in water culture 
as well as by yeast and various algae. The most considerable body of 
experiments on absorption of ions by whole plants was described by 
Pantanelli in 1915; a selection of data from his results is presented in 
Table XVII. 


Table XVII 

Absorption of Ions from Living Plants 


Species 

Salt 

Concentration 
in gm. mols. 
per litre 

Duration 
of Experi- 
ment in 
Hours 

Absorption of 
mg. ions 

Cation 

Anion 

Elodea canadensis 

Calcium chloride 

005 

2 

30 

0-41 

»* »» • 

Potassium sulphate 

0 05 

2 

3*44 

029 

>» »• • 

Ammonium sulphate 

005 

2 

0-29 

205 

Azalia caroliniana 

Calcium chloride 

005 

2 

0-20 

000 

>* »» • 

Potassium nitrate 

005 

2 

1*89 

0-91 

»> ft • 

Aluminium nitrate 

0 0125 

2 

0 16 

023 

tt tt • 

Potassium sulphate 

0 025 

2 

2-67 

2*5 

»» D • 

Ammonium sulphate 

0025 

2 

0*17 

2*28 

*» »* • 

Magnesium sulphate 

0025 

2 

3 *58 

2*48 

*> »> 

Ferrous sulphate 

0025 

2 

0*70 

0-61 

» » • 

Aluminium sulphate 

00125 

2 

0-95 

0062 

Phascolus multiflorus . 

Calcium chloride 

001 

8 

118 

1-50 

»» 91 • 

Barium chloride 

001 

8 

004 

0*77 

Cicer arietinum . 

Potassium chloride 

0025 

8 

0 35 

0*23 

»* tt • • 

Calcium chloride 

0025 

8 

0025 

0*14 

M ft • • 

Potassium nitrate 

0025 

8 

2-74 

1*95 

» )» • • 

Aluminium nitrate 

00125 

8 

0-08 

2*31 

Viva lactuca . . 

Calcium chloride 

0025* 

2 

3-29 

2*79 

>» M • • • | 

Potassium sulphate 

0*025* 

2 

1-48 

0*18 


* 10 c.c. of 0-25 M salt + 00 o.o. sea water. 


Here again the excess absorption of one ion is accompanied by ex- 
cretion of ions of the same sign from the cells. Miss Redfern found this to 
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be so with plants of Pisum sativum, grown with their roots in a solution 
of calcium chloride, and Stoklasa, Sebor, T^mich and Cwacha found the 
same to be true of plants of Carex riparia, Phragmites communis and 
Eriophorum vaginatum growing in solutions of aluminium and ferric salts. 

It may be of significance that the diluter the solution the less is the 
relative inequality in the absorption of the two ions. This appears to 
apply to both storage tissues and whole plants. In Table XVIII is shown 
the influence of concentration of the external solution on the absorption 
of the ions of ammonium chloride and sodium chloride by slices of carrot 
root tissue recorded by Stiles in 1924, and on the absorption of the 
ions of calcium chloride by the roots of living plants of Pisum sativum 
recorded by Miss Redfern in 1922. 


Table XVIII 

Influence of Concentration on the Unequal Absorption of the Ions of a 

Salt by Plant Tissue 




Duration 
of Experi- 
ment in 
Hours 

Initial 

Percentage 



Concent ra- 

Absorption 

Plant Material 

Salt 

tion of 
Solution in 
Normalities 

Cation 

Anion 

Carrot root . 

Ammonium chloride 

48 

0 1 

12*9 

5 9 




001 

57*2 

32 2 




0001 

97*1 

80*7 

Carrot root . 

Sodium chloride 

48 

! 

0*1 

25 2 

8*3 




! ooi 

86*1 

15*8 




j 0001 

88*1 

22*8 

Piium sativum 

Calcium chloride 

86 

! oi 

17-74 

8-578 

(living plants) 



0*01 

19*61 

12-47 




0*001 

28*10 

15-09 


It may thus be concluded that the absorption of a salt and possibly 
of any electrolyte, by plant cells is not a simple process involving the 
diffusion of the salt through the cell membranes until the salt has the 
same concentration on each side of the membrane. On the contrary very 
generally the two ions of the salt are absorbed at different rates and to 
different extents and the absorption is accompanied by the excretion of 
ions from the tissue, so that absorption of ions involves an interchange 
of ions between the external solution and the tissue. 

Before dealing with the explanations which have been offered of the 
unequal absorption of ions, it is desirable to discuss another aspect of the 
salt relations of plant cells, namely, the absorption of salts into cells 
after the internal concentration has apparently reached that of the 
external medium, so that salts or their ions appear to pass from a solution 



RELATIONS OF PLANT CELL TO DISSOLVED SUBSTANCES 75 

of lower to one of higher concentration. This very general phenomenon 
is now commonly known as ‘accumulation’ of salt in the cell. 

ACCUMULATION OF SALT BY PLANT CELLS 

It has been noted earlier in this chapter that when a membrane 
separates two electrolytes one of which possesses an ion to which the 
membrane is not permeable, then the position of equilibrium is generally 
one in which the ions are not uniformly distributed throughout the sys- 
tem, but in which the concentration of each ion is different on the two 
sides of the membrane. Since it is highly probable that impermeable ions, 
such as those of proteins, are present inside living cells, it is not to be 
regarded as unlikely that each of the ions of a salt, when absorbed by 
living cells, may come to be in different concentrations on the two sides 
of the cell membranes. We certainly have no right to assume, without 
experimental evidence, that when absorption of a salt is complete its 
concentration, or that of each of its ions, is the same inside the cell as 
outside. 

It is not always easy to determine the actual concentration of ions 
inside the cell. We can, indeed, by the methods mentioned earlier in this 
chapter, find the amount of solute absorbed from a solution, but we 
cannot always decide what happens to the solute after entering the cells. 
It might remain as such, or it might become adsorbed to some con- 
stituent, or it might enter into chemical combination with a substance 
already present. It may get no further than the cell-wall, it may be 
retained in the protoplasm or it may diffuse through both these mem- 
branes into the vacuole. 

If a salt is adsorbed by, or combines chemically with, some con- 
stituent of the cell, its actual concentration in solution inside the cell 
may be very low, although its concentration, judged from its absorption, 
may appear to be high. Where this happens the entry of an ion might 
appear to proceed well beyond the point which would correspond to 
equality of concentration inside and outside the cell, since in fact its 
concentration inside the cell is kept low. But there is now quite a con- 
siderable amount of experimental evidence indicating that ions may 
pass through the cell membranes into the vacuole and accumulate there 
so that the actual concentration of the ion is greater in the vacuole than 
in the external solution. On the other hand, the concentration of an ion 
inside the cell may never reach that of the same ion in the external 
medium. Illustrating this are analyses that have been made of the ex- 
pressed vacuolar sap of large-celled algae. It is established that in such 
cells the concentration of the ions may be quite different from their con- 
centration in an external aqueous medium. Two examples will suffice. 
In Table XIX are shown the molecular proportions of various ions found 
by Osterhout to be present in the cell-sap of Valmia macrophysa and in 
the surrounding sea water. The amounts are expressed in relation to the 
total halide (chloride + bromide) present. It should be noted that the 
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halide concentration of the sea water is about 0'6 M and that of the sap 
is 108 times as much, so that in an absolute comparison of the concen- 
trations of each ion without and within the cell the numbers for the sap 
should be raised by 8 per cent. 

Table XIX 


Relative Proportions of Ions present in Valonia- sap 
and in surrounding Sea Water 


Ion 


Sap 

Sea Water 

Chloride -f bromide . 


. 100 

100 

Sodium . 


1508 

85*87 

Potassium 


80*24 

2*15 

Calcium . 


0-288 

2*05 

Magnesium 


0 

9*74 

Sulphate 


. ? trace 

026 


Considerable differences between the ionic concentration of cell-sap 
and the surrounding medium were also found with Chara ceratophylla 
examined by Collander. From the data given in Table XX it will be seen 
that potassium is 63 times and nitrate about 80 times as concentrated 
in the sap as in the surrounding brackish water. 

Table XX 


Relative Concentrations of Ions in the Cell-sap of Chara 
ceratophylla and in the surrounding Brackish Water 


Ion 




Sap 

Sea Water 

Potassium . 




. 88 

1*4 

Sodium 




. 142 

60 

Calcium 




105 

30 

Magnesium . 




. 31 

13 

Chloride 




. 225 

73 

Sulphate 




7-8 

5 0 

Nitrate 




0-4 

ca. 0*005 

Phosphate . 


. 

. 

4*1 

trace 


Where the plant is living in fresh water the divergence may be greater 
still, as analyses of the cells of the fresh- water alga Nitella clavata and its 
surrounding pond water published by Hoagland, Davis and Martin 
indicate. 

Thus, in the cases quoted above, the ions are generally, though not 
invariably, present in greater strength in the cell-sap than in the 
solution surrounding the cells under natural conditions. Many examples 
are now on record of tissue of various kinds under experimental condi- 
tions absorbing the ions of a salt well beyond the position of equality 
of concentration within and without the cell, although, for the reasons 
stated earlier, it is not generally known whether the ions retain their 
individuality in the cell interior or whether they become adsorbed or 
involved in a chemical reaction. Many observations with storage tissues 
such as roots of carrot and beet have shown that these can absorb ions 
to such an extent that the concentration of the ion inside the cells is 
many times that of the same ion outside. 
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In considering the absorption of a substance by plant tissue it is 
convenient to have a term to express the relationship between the con- 
centration of a substance or ion inside the tissue to its concentration in 
the solution outside at any time. For the ratio of the internal concen- 
tration to the external concentration Stiles and Kidd proposed in 1919 
the term absorption ratio. Many determinations of the absorption ratio 
of salts or their ions by various plant tissues have been made by different 
workers. These determinations have most frequently been made by 
analyses of the external solution, the internal concentration being calcu- 
lated from the loss of material from the external solution, and estimates 
of the internal volume throughout which the absorbed material is dis- 
tributed. It is evident, therefore, that the actual values obtained are 
likely to be only approximate, while they indicate only the extent to 
which absorption can take place and not the state or location of the 
substance in the cell after absorption. 

The influence of concentration of the external solution on the extent 
of absorption of the ions of a salt is very striking. 

This question was investigated in 1919 by Stiles and Kidd, who 
estimated the absorption of various salts by carrot-root tissue from deter- 
minations of the change in electrical conductivity of the external solution. 
This method actually gives an estimate of the less absorbed of the two 
ions of a salt if they are absorbed to different extents, since, as we have 
already seen, the excess of the one ion absorbed must be replaced 
by another ion of the same sign. The method is not an ideal one, but 
Stiles and Kidd were able to show that with potassium, sodium and 
calcium chlorides the amount of absorption after any time was greatly 
dependent on the concentration of the solution, the diluter the solution 
the greater the proportion of salt or ion absorbed by the tissue. Their 
results showing the internal and external concentrations of the various 
salts after absorption had continued for about two days at 20° C. are 
summarized in Table XXI. It will be observed that in the diluter solu- 
tions the calculated internal concentration of the absorbed material is 
many times that of the final external concentration. It may be noted that 
no account is taken of the possible presence of any of the ions concerned 
inside the tissue at the beginning of the experiments, so that the values 
given for the absorption ratios are minimum ones. 

This relation between absorption and concentration was subsequently 
confirmed by Stiles by direct chemical analysis of the external solution, 
the salts used being sodium chloride and ammonium chloride (cf. Table 
XXII). Later such observations, in which the absorption of both cation 
and anion was followed, were extended by Stiles and Skelding to a 
number of potassium and manganese salts. The accumulation of the 
bromide ion from various salts, and of both ions of rubidium bromide, 
by storage tissue, was demonstrated by Steward and his co-workers. 

Moreover, this relationship between accumulation of salt and concen- 
tration is not'limited to storage tissue. Thus Laine found that detached 
roots of Phaseolus multiflorus placed in solutions of potassium, calcium 
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Table XXI 

Absorption Ratios in the Intake of Various Chlorides from Solutions of 

Different Concentrations 


Salt 


Initial 

Concentra- 

Duration 
of Experi- 

Relative Final 
Concentration 

Absorption 


tion in 
Normalities 

ment in 
Hours 

Int. 

Ext. 

Ratio 

Potassium chloride 


00002 

52 

0-80 

0024 

250 

99 99 


0002 

99 

4*20 

0*238 

170 

99 9 * 


002 


11*90 

4*882 

24 

99 99 


01 

99 

20*50 

20*200 

0*78 

Sodium chloride . 


00002 

48 

0*50 

0 012 

40*7 

99 99 • 

• • • 

0 002 

99 

400 

0*148 

27*0 

99 99 • 

• • • 

002 

99 

10*80 

3*990 

35 . 

„ „ (dead tissue) 

002 

99 

4*45 

5 000 

0*88 

99 99 • 


0 1 

99 

17*80 

21*550 

083 

Calcium chloride . 


0 0002 

42-5 

0*40 

0*030 

15*3 

99 99 • 


0002 

99 

1*17 

0420 

2*8 

99 99 • 


002 


2*50 

4*930 

0*51 

99 99 • 


01 

” i 

5*30 

22*120 

024 


and manganese chlorides of different concentrations exhibit similar 
behaviour. Also Hoagland, Davis and Hibberd have found that Nitella 
cells absorb relatively more bromide ion the diluter the solution of 
bromide in which the cells are immersed. 

The same general relation between absorption and concentration is 
observed with a number of dyes. This will be evident from an inspection 
of Table XXIII which gives data provided by experiments published by 
Miss Redfern (Mrs. W. O. James) in 1922. 


Table XXII 

Influence of Concentration on the Absorption of the Constituent Ions of 
Sodium Chloride and Ammonium Chloride by Carrot Root 


Salt 

i 

Initial 
Concentra- 
tion in 
Normal- 
ities 

Concentration of 
cation in normalities ; 
after 2 days 

Concentration of 
anion in normalities 
after 2 days 

Absorption 

Ratio 

External 

Internal 

External 

Internal 

i 

Cation 

Anion 

Sodium 

0*1 

0*0748 

0*223 

0*0917 

0*07345 

208 

0-801 

chloride 

001 

0 00839 

0*03195 

0 00842 

0*0140 

5*00 

1 88 


0*001 

0*000019 

0*00337 

0*000772 

000202 

5 45 

2*02 

Ammonium 

0*01 

0*0871 

0*1141 

0*0941 

0 0520 

1*81 

0*558 

chloride 

0*01 

0*00428 

0*0500 

0*00078 

0*0285 

11*8 

4*20 


0*001 

0*0000298 

000859 

0*0001928 

0*00715 

298*2 

87*2 
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Table XXIII 


Absorption Ratios attained after 48 hours in the Absorption at 20° C. of 
Various Dyes by Disks of Carrot Root 




Final Concentration 


Dye 

Character of Dye 



Absorption 

External 

Interna] 

Ratio 



Neutral red .... 

Basic; semi-colloid 

008 

20 

333 



003 

10 

33 3 



00005 

0-475 

950 



0000125 

0*244 

1952 

Methylene blue . 

Basic; crystalloid 

0032 

3-4 

100 



001 

1*9 

190 



00008 

0-46 

575 



0 0003 

0-235 

783 

Methyl violet 

Basic; semi-colloid 

003 

3 5 

117 



001 

2 0 

200 



0 0018 

0 41 

228 



0001 

0-20 

200 

Aniline blue .... 

Basic; colloid 

01 

— 

— 


i 

0045 

025 

5-56 


! 

| 0 008 

0 1 

12 5 


j 

0 003 

0-1 

33 3 

Eosin 

Acid; crystalloid 

01 

— 

— 



0045 

0-25 

5 56 



00085 

0 075 

8-82 


i 

0 004 

0-05 

12-5 


Table XXIV 

Absorption Ratios of a Number of Chlorides, Sulphates, 
Nitrates and Potassium Salts presented to Carrot 
Tissue in a Concentration of 0-02 N 




i 

Duration of 

Absorption 

Ratio 

Group 

Salt 

Experiment 
| in Hours 

i 

■ ■ 

i 

Potassium chloride . 

i 

j 91 

3-58 

: 

Sodium chloride 


349 


Lithium chloride 


1 16 


Calcium chloride . 

i 

1 09 

i 

II 

Potassium sulphate 

64-5 

0 51 


Sodium sulphate . . . 

| 

0-46 


Magnesium sulphate . . , 


0-097 

III 

Potassium nitrate . 

71 5 

4-65 


Sodium nitrate .... 


330 


Calcium nitrate .... 


1-19 


Aluminium nitrate . 


0-53 

IV 

Potassium chloride . 

42 

1-99 


Potassium sulphate 


0-55 


Potassium nitrate • 


2-20 
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With the simpler salts different substances are accumulated to dif- 
ferent extents. The absorption ratios obtained by Stiles and Kidd for a 
number of chlorides, sulphates and nitrates are shown in Table XXIV. 
These numbers are the results of four sets of experiments. As in each set 
of experiments a different sample of tissue was used, and as the experi- 
ments in the different groups were terminated at different times, only the 
numbers within each group are strictly comparable. 

These numbers indicate that the extent to which a salt is absorbed 
by carrot root depends on the cation and anion of the salt. The order of 
absorption of cations is K, Na, Li, (Ca, Mg), Al, while the order of absorp- 
tion of anions is N0 3 , Cl, S0 4 . It thus appears that monovalent cations 
are absorbed to a greater extent than divalent cations, and the trivalent 
aluminium ion to a less extent than the divalent ions. Similarly, the 
monovalent anions NO* and Cl are absorbed to a much greater extent 
than the divalent S0 4 ion. 

There is a considerable variation in the extent to which differeilt 
dyes are absorbed; in general basic dyes 1 are absorbed to a greater extent 
than acid dyes. Thus Collander found that a number of sulphonic acid 
dyes (light green, orange G, cyanol, fuchsin S) were absorbed to a very 
slight extent by a number of tissues such as the parenchyma of the bulb 
scales of the onion and hyacinth, the cortical cells of the root of Pimm 
sativum, the spongy parenchyma cells of the leaves of Rhoeo discolor as 
well as cells of Spirogyra. In very few instances did the absorption ratio 
in Collander’s experiment reach 0-125 with concentrations of the dye of 
0-1 or 0-8 per cent. 

THE COURSE OF ABSORPTION OF IONS 

So far, then, the absorption of electrolytes by plant cells exhibits 
three characteristics which are (1) the unequal absorption of the con- 
stituent ions of an electrolyte accompanied by ionic exchange between 
the cell and the surroundings, (2) the absorption of the ions to a greater 
or less extent than that demanded by equality of concentration inside 
and outside the tissue, and (8) as regards simpler salts, a different rate 
or extent of absorption of different cations and different anions, mono- 
valent ions being more absorbed than divalent ions. 

Study of the course of absorption of a salt by storage tissue strongly 
suggests a further complication in the relation of plant cells to salts, 
namely, that absorption is a two-phase process, the two phases being 
related to different kinds of conditions in the cells. In this connexion it is 
relevant to consider first what takes place when storage tissue is placed 
in distilled water. It was shown by Stiles in 1927 that if the water is kept 

1 A basic dye is a salt in which the colour radicle is a base, whereas in an add 
dye the radicle to which the colour is due is an acid. Thus Bismark brown is a 
bade dye, the base being triamldoazobenzene NH,.C 4 H 4 N:NC 4 H a :(NH M ) and the 
dye itself triamldoazobenzene hydrochloride. As an acid dye Congo-red may be 
taken as an example; it is the sodium salt of a complex add. 
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still and no steps are taken to provide it with oxygen, salts diffuse out of 
the tissue and continue to do so until the tissue is dead. If, on the other 
hand, the tissue is continuously provided with oxygen, as for example, 
by passing a current of air through the water or by continuously agitat- 
ing the latter and bringing it periodically into contact with fresh air, the 
initial phase during which salts diffuse out of the tissue passes over into 
a second phase in which the salts are re-absorbed by the tissue from the 
external liquid. This behaviour is illustrated by the curve shown in 
Fig. 6. 



Fig. 6. — Curve showing the course of exosmosis of electrolytes from thin slices of red beet- 
root tissue into aerated distilled water and the subsequent re-absorption of the electrolytes 

by the tissue 

The first phase, in which salts diffuse out of the cells into distilled 
water, might be attributed to the establishment of an equilibrium 
between the electrolytes in the cell and in the external medium. ‘The 
position of equilibrium to which this tends might well be that of a Don- 
nan equilibrium since the cell probably contains large protein ions 
incapable of passing through the cell membranes. It might also in part 
be conditioned by adsorption of some of the ions to colloidal particles in 
the cell. But if the tissue is provided with oxygen a condition of equilib- 
rium is never reached, for this phase of absorption gives place to the 
second phase in which the ions are re-absorbed, a process which continues 
as long as the tissue remains alive. Since this phase depends on the 
presence of oxygen, which is necessary for respiration and metabolic 
activity generally, we may conclude that this second phase is linked in 
some way, possibly quite remotely, with the respiration process and 
that it is an aspect of metabolic activity. 
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If now, instead of placing tissue into distilled water it is surrounded 
by a salt solution, absorption of the salt may also exhibit two phases. 
As an example of this some experiments of Stiles and Dent published in 
1946 may be quoted. 

Slices of beetroot tissue in the form of disks 2 cm. in diameter and 
1 mm. in thickness were washed in running aerated tap water for various 
periods and then transferred to a 0 001 M solution of manganese chloride 
maintained at a temperature of 25° C. and kept in contact with atmos- 
pheric air. With preliminary washing in tap water for 22 hours there is, 
after transfer of the tissue to the manganese chloride solution, an immed- 
iate rapid absorption of the cation which slows down after a few hours 
and proceeds thereafter very slowly for about two days. After this 
absorption becomes more rapid and proceeds at an almost steady rate 
until nearly all the cation present in the solution has been absorbed. The 
course of the absorption of the anion is different. Here there is initially a 
passage of chlorine ions from the tissue to the external solution which" 
gives place later to a steady absorption of the chlorine ions until nearly 
all have been absorbed. 

Two phases in the absorption are clearly evident. The first phase can 
be explained in terms of the establishment of ionic equilibrium between 
cells and external medium involving exchange of ions. The amount of 
each ion absorbed by the tissue will depend on the concentration of the 
various ions in cells and medium, and, in this first phase, an ion common 
to the external medium and the cell contents may even pass from the 
tissue to the external solution as with the chloride ion in the experiment 
cited. As a result of this exchange there will now be present in the external 
solution ions which have passed out of the tissue in addition to those 
present in the original external solution. This initial phase of ionic 
exchange is followed sooner or later by a second phase which is pro- 
longed apparently indefinitely with dilute solutions of the order of 
0-001 M and in which all the ions present in the external solution are 
now absorbed by the tissue. This is indicated by the graphs shown in 
Fig. 7, from which it will be observed that during the second phase of 
absorption the chloride is absorbed somewhat more rapidly than the 
manganese. That this is so indicates that the chloride absorbed is not 
completely balanced by manganese and the difference must be made up 
by ions which passed into the solution from the tissue during the first 
phase and which are now re-absorbed along with the manganese. This 
phase of absorption, like the second phase, that of re-absorption of ions, 
observed when tissue is placed in distilled water, is dependent on oxygen 
and thus appears to be related to the metabolic activity of the tissue. 
Further evidence of this is provided by the effect of prolonged washing 
of the tissue in tap water on the course of absorption of ions when the 
tissue is subsequently transferred to a salt solution. The result of such 
prolonged washing is to reduce the time taken for the development of the 
second phase in absorption, so that in curves representing the course of 
absorption of the ions of a salt the existence of two phases are no longer 
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obvious (cf. Fig. 7). Now it has been shown by Bennet-Clark and Bexon 
and by Stiles and Dent that when thin slices of tissue are cut out of a 



Fio. 7. — The course of absorption by red beetroot tissue of the ions of manganese chloride 
from a solution of an initial concentration of 0*001 M. I. After preliminary washing in 
aerated running tap water for 22 hours. II. After preliminary washing for 04 hours. 
III. After preliminary washing for 160 hours 
(From W. Stiles and K. W. Dent) 

storage organ such as a beetroot and transferred to aerated running tap 
water the metabolic activity, as indicated by respiratory intensity, 



84 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

continually increases for many hours, and it would thus appear that the 
development of the second phase of absorption corresponds with the 
development of metabolic activity. 

So far the observations we have considered have dealt with storage 
tissues. Work with large-celled algae has, however, indicated that the 
cells of these behave in broadly the same way as those of storage tissues. 
Particular reference may be made to the work of S. C. Brooks, in which 
the absorption of radioactive isotopes of sodium, potassium, rubidium 
and bromide by cells of Nitella coronata and N. clavata was examined. 
Here also the two phases in absorption were recognized, the first that of 
inorganic ion exchange, the second that described as primary accumula- 
tion and probably related to metabolic activity. There appears here to 
be a complication which has so far not been recorded with cells of 
storage tissue, namely the occurrence of periods during which ions are 
lost from the cells alternating with the periods of absorption. Whether 
this rhythmic behaviour is also a characteristic of the cells of storage 
tissue it is not possible to say since in a multicellular tissue its occurrence 
might well be hidden if the periods of loss and gain of any ion did not 
synchronize in all the cells of the tissue. 

The entry of ions during the first phase of absorption in Nitella 
Brooks found to be very rapid. It is significant at the end of a minute, 
but may perhaps continue for from one to three hours, by which time 
the second phase becomes noticeable. 

The absorption of salts by another type of tissue, namely, the roots 
of wheat seedlings has been the subject of considerable investigation by 
Lundegardh and Burstrdm. Here again the conclusion is drawn that two 
distinct processes are involved. One process consists of the interchange 
of ions determined by the principles of membrane equilibrium and the 
law of mass action. This obviously corresponds with the first phase, that 
of ionic interchange, observed in the absorption of electrolytes by storage 
tissues and large-celled algae. While both cations and anions are con- 
cerned in this interchange, the exchange of cations is much more 
considerable than that of anions. The second process, that of active 
absorption of salts against the concentration gradient, corresponds to 
the second phase, that related to metabolic activity, in the absorption 
of salt by storage tissues and large-celled algae. According to Lundeg&rdh 
and Burstrdm this is directly related to a component of the respiration 
connected with absorption of salt. 

It therefore appears justifiable to conclude that when the electrolyte 
composition of the medium external to plant cells is changed, the absorp- 
tion of ions is related to two distinct processes : (1) an immediate 
exchange of ions tending towards a new position of equilibrium con- 
ditioned by the ionic composition of the cell contents and the external 
medium, and (2) a continuous absorption of ions, both cations and 
anions, related to the metabolic activity of the tissue. As regards the 
phase of ionic exchange, two purely physical processes, adsorption and 
the establishment of a Donnan equilibrium, might be invoked to explain 
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the observed results, for from what we know of the structure and com- 
position of the cell either or both these processes might operate. As 
regards adsorption, the protoplasm contains colloidal material in the 
form of proteins and other complex substances on the surface of which 
ions might be adsorbed. When a fresh electrolyte is introduced into the 
medium external to the cell there may therefore result an adsorption of 
the new ions or an exchange of these with ions previously held by the 
adsorbent. It has already been pointed out that the stronger the solution 
of a salt presented to a tissue the less is the proportion of the salt absorbed 
although the actual quantity of salt is greater. Now if graphs are plotted 
between logarithms of the internal concentrations and the logarithms of 
the external concentrations after the end of the first phase of absorption 
they are approximately straight lines (cf. Fig. 8). Hence the relation 



Fio. 8. — Curves showing the relation between the internal and external concentrations of 
the cation and anion of ammonium chloride after absorption by carrot root tissue 


between internal and external concentrations can be expressed by the 
equation 

log I — m log E = log K 
or I = IvE> 

where I is the internal concentration, E the external concentration and 
K and to are constants. This equation is that representing the relation- 
ship between concentration and amount of adsorption. It must be 
pointed out that it is not generally possible completely to separate the 
phase of ionic interchange with that of metabolic absorption so that the 
values obtained for total absorption of an ion after any time may include 
absorption related to metabolic activity. In any event the adsorption 
equation is only an approximation, and agreement of the observed data 
of ionic absorption with the adsorption equation is also only approxi- 
mate, so that in the present state of our knowledge we are only justified 
in concluding that as the conditions of the cell are such as to render 
adsorption of ions possible we may expect adsorption to occur, and to 
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conclude that it may play a part in absorption of salt. We are not justi- 
fied in concluding that the first phase of absorption is entirely conditioned 
by adsorption. 

Indeed, quantitative considerations by Stiles and Skelding and by 
Stiles and Dent relative to the absorption of manganese chloride by 
beetroot tissue, suggest that Donnan equilibrium rather than adsorption 
determines the exchange of ions during the first phase of absorption. 
This would explain why not infrequently there may be an exosmosis 
from the tissue of ions also present in the external solution. Thus both 
potassium and chloride ions may diffuse out of tissue placed in a dilute 
solution of potassium chloride, although the ions are subsequently 
reabsorbed during the second phase of absorption. A considerable initial 
absorption of both ions of a salt is more difficult to explain. After the 
establishment of Donnan equilibrium the product of the concentrations 
of cation and anion outside the cell should equal the product of the con- 
centrations of the same ions inside. But in some observed instances both 
ions are absorbed to such an extent that the product of the concentra- 
tions of the two ions inside is greater than that outside. It may be that 
here the second phase of absorption is overlapping the first. Also Briggs 
and Petrie have shown that such a distribution of ions could result from 
the presence in the cell of more than one phase. As we have seen in 
Chapter II the protoplasm, and perhaps the vacuole as well, constitute 
heterogeneous systems containing more than one phase, and a Donnan 
equilibrium might result between any two of them. Yet even so, in such 
a system where distribution of ions is determined by Donnan equilibria, 
if the ratio of the apparent internal concentration to the external con- 
centration of the cation of a salt is greater than unity, then the corres- 
ponding ratio of the anion should be less than unity. But, as just pointed 
out, the ratio of internal to external concentration may be greater than 
unity with both cation and anion. Briggs and Petrie, however, showed 
that this distribution could result if one internal phase contained indiffus- 
ible cations and another internal phase indiffusible anions. Subsequently 
Briggs has shown that the experimental data obtained regarding the 
absorption of ions by mature plant cells from weak solutions can be 
explained on these lines, it being suggested that cations are exchanged 
between solution and cytoplasm and anions between solution and cell- 
sap. But with strong solutions cations also pass into the cell-sap. 

It is more difficult to find a satisfying mechanism to explain the 
second phase of absorption in which all ions present in the medium are 
absorbed by the cells and in which both cations and anions may be 
absorbed against the concentration gradient, real or apparent. If adsorp- 
tion is involved this can only be the first stage in the process, since only 
a limited quantity of ions could be adsorbed and the equilibrium con- 
dition could be attained as rapidly as diffusion from the external solution 
into the cells of the tissue allowed. There is indeed a complication with 
dices of tissue since it is not clear how long it takes for ions to diffuse 
through the outer layers of a tissue into the inner cells. Some evidence 
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has, however, been produced by Steward and his collaborators and by 
Stiles and Dent, that in a slice of storage tissue only the outer cells dis- 
play any considerable metabolic activity, and if this is so, the absorption 
related to metabolic activity may be limited to the cells of a very thin 
superficial layer only a fraction of a millimetre thick. With unicellular 
and filamentous algae, of course, no problem of this kind arises. 

In attempting to find an explanation of the continued absorption of 
ions it is obviously of importance to know the fate of the absorbed sub- 
stance; whether, that is, it is held in cell wall, protoplasm or vacuole. 
We have already noted that with some large-celled algae there is evidence 
that the ions accumulate as such in the vacuole. Steward also concluded 
from analysis of expressed sap that potassium bromide absorbed by 
potato tuber tissue accumulates as such in the sap. 

A number of observations made by S.C. Brooks on the absorption of 
ions by Valonia and Nitclla , in which an approximate separation of 
protoplasm and vacuole was made, are of great interest. In 1935 Brooks 
found that when coenoeytes of Valonia ventricosa were placed in sea 
water containing a small concentration of rubidium chloride the rubidium 
was at first absorbed rapidly by the protoplasm and then passed at 
only one-tenth of the rate of its absorption by the protoplasm to both 
vacuole and external solution, a process which appeared to continue 
until the experiment was discontinued at the end of the twentieth day. 
The conclusion drawn was that normally the cation is first absorbed by 
the protoplasm and then passed on to the vacuole, the passing back of 
some of it to the external medium indicating some degree of injury. 
Later Brooks made similar observations with Nilella clavata , using 
radioactive potassium chloride. In one of his experiments in which the 
ceils were placed in a solution buffered at pH 8 0 containing radioactive 
potassium chloride in a concentration of 0 01 M, the relative quantities 
of radioactive potassium in the protoplasm and vacuole after 8*5 hours 
immersion in the solution were 134 and 0, after 10 hours they were 172 
and 42, and after 20 hours, 342 and 120 respectively. 

A somewhat similar view is taken by Robertson of the course of 
accumulation of ions in a storage tissue, carrot. He concludes that experi- 
mental data indicate that the difference in concentration of an ion in 
the external solution and the cells does not determine the rate of the 
intake of the ion at higher concentrations. Such a state of affairs would 
result if the ion were adsorbed to a constant concentration in an outer 
phase of the cell and then removed to an internal phase where it accumu- 
lated by a process requiring energy. 

It is very generally held that salt does accumulate in the vacuole so 
that the concentration of the salt may be many times that of the external 
solution. Reference has already been made to the evidence in favour of 
this conclusion derived from the analysis of expressed sap. Such evidence 
of accumulation in the vacuole is not completely convincing for the 
killing of the tissue involved in the extraction of the sap may result 
in the breaking down of complexes and the release of simple substances 
7 
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from the complexes in which their constituent ions were held. However, 
the available evidence does suggest that the accumulation of inorganic 
salts which takes place in the vacuole is of the free salts or their ions, 
and that therefore in the overall passage of the ions from the external 
medium to the vacuole the ions pass in against their concentration 
gradient. This necessitates an expenditure of energy which must ultim- 
ately be provided by respiration. The relationship may, however, be a 
remote one. 

A theory put forward by S. C. Brooks in 1929 suggested a direct 
relationship between respiration and salt absorption. The carbon dioxide 
produced in respiration dissolves in the water present in cells with 
formation of carbonic acid which partially dissociates into H + and 
HCOg - ions. Hence if a living cell is surrounded by a solution of potas- 
sium chloride the cell membranes are separating a solution containing 
K+ and Cl - from one containing H + and HCO a ~. Brooks supposed the. 
cell membrane to be composed of a mosaic of areas permeable only to 
cations and of areas permeable only to anions. Entry of cations can then 
only take place through the cation-permeable areas by exchange with an 
equivalent quantity of hydrogen ions, and similarly the entry of anions 
can only take place through the anion-permeable areas by exchange with 
an equivalent quantity of anions. Equilibrium would only be attained 
when the ratio of the concentrations of any cation in the cell and outer 
medium is the same as the corresponding ratio for the hydrogen ion. 
Since the concentration of hydrogen ions in the Valonia cell is very many 
times that of sea water, the potassium ions can thus enter the cell in 
exchange for hydrogen ions until their concentration is much higher than 
that in the external solution. Similarly, as regards the entrance of anions, 
these, notably chloride ions, should enter through the anion-permeable 
areas until the ratio of the concentrations of chloride ions inside and 
outside the tissue is the same as that of the bicarbonate ions. Actually 
the ratio of the concentration of chloride ions inside and outside the 
tissues is more than unity, while according to Osterhout and Dorcas the 
concentration of bicarbonate ions is greater in the sea water outside 
the cell than in the cell-sap. 

Briggs has pointed out that although the observed accumulation of 
ions cannot be explained in relation to a membrane consisting of a 
mosaic of cation-permeable and anion-permeable areas, accumulation 
of both cations and anions could take place in a respiring cell in which 
the protoplasmic membrane as a whole undergoes rhythmic changes so 
that it is alternately permeable to cations and to anions. There is, how- 
ever, no definite evidence that such changes in the protoplasm actually 
occur. 

The theory of a direct relation of accumulation of salt to respiration 
has been vigorously advocated by Lundeg&rdh and Burstrdm, as a result 
of their work with seedling roots. We have already seen that from their 
results Lundeg&rdh and Burstrdm, in agreement with workers on other 
kinds of material, conclude that salt absorption involves two distinct 
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processes, ionic interchange and active absorption related to metabolic 
activity, and that the first process chiefly involves movement of cations 
and the latter of both cations and anions. Now Lundegardh and Bur- 
strom found that the presence of a salt in the external solution induces 
an increase in the respiration of the roots used as experimental material. 
This increase in respiratory activity is related quantitatively to the 
amount of salt absorbed in the process of active absorption, and, since 
the process of ionic exchange largely concerns cations, the increase in 
respiratory activity is related to the total quantity of anion absorbed 
rather than to the total quantity of cation. For this reason the component 
of respiration induced by the presence of salt was termed ‘ anion ’ 
respiration in contrast to the fundamental respiration which occurs 
before the addition of salt to the medium. It is this ‘ anion * or ‘ salt ’ 
respiration which, according to Lundegardh, provides the energy re- 
quired for the passage of the salt into the cell against the concentration 
gradient. 

The views of Lundegardh and Burstrom are largely supported by 
Robertson, from the results of work with a storage tissue, carrot root. 

Other workers deny any close connexion between salt accumulation 
and respiration, and hold that the relationship must be very indirect. 
Thus in 1939 S. C. Brooks suggested that the accumulation of the ions of 
inorganic salts results from the exchange with those of organic ions 
produced in metabolism and that these might include many substances 
generally regarded as waste products. Hoagland, Steward and their co- 
workers have also advocated the view of an indirect connexion of salt 
accumulation and respiration. Thus Steward and Preston in 1941 held 
that in the accumulation of salt by potato tissue it is the synthesis of 
protein and the aerobic respiration connected with it that are the meta- 
bolic activities most closely concerned. The whole question of the relation- 
ship of salt accumulation to respiration is at present controversial and 
we must await the results of further work before a generally acceptable 
view of the problem is likely to emerge. 


THE ABSORPTION OF NON-ELECTROLYTES BY PLANT CELLS 

According to work published by Barlund in 1929 in which the intake 
of solutes by the epidermal cells of Rhoeo discolor was investigated by a 
plasmolytic method, and to observations of Collander and Barlund des- 
cribed in 1988 in which absorption of solutes by cells of Chora cerato- 
phyUa was determined by chemical analysis, the position of equilibrium 
reached in the intake of a number of non-electrolytes by these cells is 
one in which there is equality of concentration of the solute within and 
without the cell. It is therefore reasonable to suppose that with these 
substances the mechanism of absorption is one of simple diffusion, and 
determinations of the amount of various solutes which had entered the 
Chara cells after different times of immersion showed that the course of 
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absorption proceeded just as would be expected if the process of solute 
intake were simple diffusion through the cell membranes. 1 

In such cases it is possible to obtain values for the permeability of 
the cell membrane to different substances. 

The permeability of the cell membrane (wall + protoplasm) may be 
defined as the quantity of solute diffusing through unit area of the mem- 
brane in unit time when there is unit difference of concentration of the 
solute on the two sides of the membrane. Hence if the concentration of 
the external solution is kept constant at the value C, and if the concen- 
tration of the solute in the cell-sap after a time t has reached the value c, 
the rate of entry of solute at this time is given by the equation 

2 - pa < c - c > 


where dq is the quantity of solute entering in the time dt , q being the 
quantity of solute in the cell-sap, A is the area of the membrane surface 
through which entry of the salt takes place, and Pisa value depending on 
the permeability of the membrane to the solute in question, and is, 
indeed, a measure of the permeability of the membrane to the solute. 
It is called by Collander and Barlund the permeability constant. If the 
volume of the cell is V, then 


Hence 




dc 

dt 


PA 

y (C - C) 


which on integration gives 

P 



Since isolated cell-wall is readily permeable to such substances as 
sucrose and orange G, and since also non -electrolytes enter dead cells 
much more rapidly than living ones, it is not unreasonable to suppose 
that the experimentally determined values of the permeability constant 
can be taken as measures of the protoplasmic permeability. 

By the use of this equation Collander and Barlund calculated the 
permeability constants for a number of substances diffusing into cells of 
Chora ceratophylla by measuring the quantity of solute which entered 
cells of known dimensions in a certain time. The permeability constants 
found by them for a number of substances are shown in Table XXV. The 
values represent the number of mols of the substance passing through 
1 sq. cm. of protoplast surface in one hour when the difference in con- 
centration of the solute in the external solution and the cell-sap is 1 mol 
per c.c., and the temperature 19*2° C. 

It will be seen from this table that the permeability of the plasmatic 

1 It cannot be assumed that the absorption of all non-electrolytes is with all 
plant cells so simple a matter. Further reliable investigations with other kinds of 
cells are necessary before a decision can be taken on this point. 
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layer to different substances varies greatly with the substance. Very few 
reliable data with regard to the permeability of other cells to a range of 
substances are available, but Barlund’s earlier observations on the 
epidermal cells of Rhoeo discolor show a general agreement with those on 
Chara, except that amides, in relation to other substances, appear to 

Table XXV 

Permeability of Chara Cells to various Non-electrolytes 


Substance 



Permeability Constant 

Methyl alcohol 



0-99 

Ethyl alcohol 



0*56 

Urethane 



0*43 

Antipyrin 



0-22 

Butyramide 



0 17 

Propionamide 



013 

Propylene glycol 



0087 

Formamide . 



0077 

Acetamide . 



0053 

Ethylene glycol 



0 043 

Ethyl urea . 



0012 

Methyl urea 



00068 

Urea . 



0 0040 

Glycerol 



0 00074 

Arabinose 



<0 000031 

Glucose 



<0 00003 

Sucrose 



<000003 


penetrate the protoplasts of the latter more readily than those of the 
former. In 1934 Helene Bonte attempted a comparison of the penetrating 
capacity of 28 organic compounds into cells of a liverwort ( Hookeria 
lucens), an alga ( Hydrodictyon utriculatum) and a fungus ( Basidiobolus 
ranarum). While her method of estimating permeability is open to criti- 
cism, her results indicate on the whole a similar order of permeability 
of these cells to different substances as that found by Collander and 
Barlund. The bearing of these results on theories of cell permeability will 
be considered later. 

There is no doubt that the permeability of different cells to the same 
substance may vary greatly. For example, Hofler and Stieglcr examined 
by the plasmometric method the permeability to urea of different kinds of 
cells in plants of Gentiana slurmiana. They found that in this species the 
permeability varies considerably among the different tissues, the most 
permeable cells being those of the epidermis of the peduncle, while the 
permeability of the parenchymatous cells of cortex and pith of the ped- 
uncle is less, and that of the cells of the petals still less, the permeability 
of these last being only from 2-5 to 5 per cent, that of the epidermal cells. 
Similarly, in the root of this plant the cells of the piliferous layer are 
more permeable to urea than those of the cortex. 

THE ABSORPTION OF TOXIC SUBSTANCES 

In the previous discussion on absorption of both electrolytes and non- 
electrolytes by plant cells it has been assumed that the cells are alive and 
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remain so throughout the process of absorption. But many substances, 
both electrolytes and non-electrolytes, have a toxic effect on plant cells 
if presented to them in sufficiently high concentration, and bring about 
their death, wherein the cells lose their turgid condition and become, as 
a rule, completely permeable both to solutes outside and inside the cell. 
Among such toxic substances are many salts, such as those of copper, 
silver and mercury, acids and alkalies among electrolytes, and alcohols, 
aldehydes, ketones, phenols and many other organic compounds among 
non-electrolytes. 

It is obvious that such substances, to exert a toxic action, must enter 
the cell, and it is also clear that the substance does not merely diffuse 
through the protoplasm, but must act upon it in some way. What this 
action may be is not clear, but there is little doubt that it varies in nature 
in different cases. Thus there is reason to suppose that the toxic action of 
acids is a chemical effect, possibly due to a reaction of the acid with 
protoplasmic proteins. In the first place it was found by Stiles and 
Jorgensen that the temperature coefficient of absorption of the hydrogen 
ions of hydrochloric acid by potato tissue is about 2, a value character- 
istic of many chemical reactions, while Stiles and Rees have found that 
when potato tissue is immersed in solutions of various organic acids, 
namely, formic, acetic, propionic and other acids of the aliphatic series, 
the hydrogen ions are removed from the solutions but are not returned 
to them on the death of the tissues, thus indicating an irreversible reac- 
tion between the protoplasm and the acid. 

On the other hand, there is reason for supposing that with alcohols 
or ketones, the toxic effect may be due to some physical property of 
the substance. For the various members of a homologous scries of 
alcohols or ketones are not equally toxic; the higher the position of the 
member in the series, the more poisonous it is. Thus in the series of 
normal monohydric aliphatic alcohols, ethyl alcohol is more poisonous 
than methyl alcohol, normal propyl alcohol more poisonous than ethyl 
alcohol, and so on. Roughly speaking, the toxicity of any member of the 
series is 8 times that of the member next below it; that is, a molecule of 
the alcohol CH a (CH 1 ) n CH g OH is 8 times as toxic as a molecule of the 
alcohol CH,(CH 1 ) b _ 1 CH,OH. There appears to be no chemical property of 
the alcohols which varies in this way with increasing molecular size, but 
there is a definite parallelism between the surface activity of the various 
alcohols and their position in the series. The results of Stiles and Stirk on 
the comparative toxicities of normal monohydric alcohols to potato tissue 
and the relative surface activities of these alcohols as deduced from 
measurements of the lowering of the surface tension of water resul ting 
from the presence of alcohol in the water, are summarized in Table XXVI 
on opposite page. 

Whether the toxicity of alcohols and other substances which lower 
the surface tension of water considerably (surface active substances) is 
indeed related to this physical property cannot be definitely stated, 
but it seems to be a likely factor. A comparison of the numbers in 
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Table XXVI 

Relative Toxicities and Surface Activities of the Molecules 
of Normal Monhydric Alcohols 


Alcohol 

Relative Toxicity 

Relative Surface Activity 

Methyl . 

100 

1 00 

Ethyl . 

202 

2 74 

Propyl . 

610 

8-77 

Butyl 

15-34 

31-04 

Amyl 

66-9 

1005 

Hexyl 

. 233 

442 

Heptyl . 

. 849 

1480 

Octyl 

. 2139 

W\\ 


TabU XXVII 



Relative Toxicities of the Molecules of 
Normal Fatty Acids 


Acid 

Relative Toxicity 

Formic . 

. 1-00 

Acetic 

. 0262 

Propionic 

0211 

Butyric . 

. 0259 

Valeric . 

. 0 335 

Caproic . 

. 0616 

Oenanthic 

. 1-23 

Caprylic . 

. 2 55 

Pelargonic 

. 4-03 


Table XXVI with those in Table XXVII where the toxicities of the 
corresponding series of acids are shown indicates a very definite difference 
in the relationship between molecular size and toxicity in the two 
cases. This difference is explained if it is assumed that with the acids 
the toxicity is partly chemical, due to the action of the hydrogen ion, 
and partly physical. As the series is ascended the toxicity due to the 
hydrogen ion tends to decrease, since on the whole the degree of dissoci- 
ation of the higher acids is less than that of the lower ones, while the 
toxicity related to molecular size increases. Hence a solution of acetic 
acid is less toxic than an equimolecular solution of formic acid, because 
of its lower concentration of hydrogen ions, and for the same reasons 
propionic is a little less toxic than acetic. But as the series is ascended 
above propionic the toxicity increases, for although the degree of dis- 
sociation of these acids is much the same up to caprylic acid, the toxicity 
related to molecular size, which may or may not depend on surface 
activity, increases regularly as in the alcohol or ketone series. 

While the actual causes of toxic action are, therefore, in doubt, there 
seem very definite reasons to suppose that toxicity may be due both to 
chemical and physical properties of the toxic substance. Chemical action 
may result in the removal of an essential constituent of the protoplasm, 
while physical properties may be responsible for altering the state of 
aggregation of substances composing the cell colloids and so for dis- 
turbing essential space relations of protoplasmic constituents. Where 
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such changes are reversible no permanent damage may be done to the 
cell if the poison is not allowed to act for too long a time, but if the change 
is irreversible the cell becomes permanently damaged or killed. 

ANTAGONISM AND SYNERGY 

In the previous sections of this chapter the relations of the cell to 
dissolved substances have been considered when only one solute has 
been presented externally to the cell. When more than one substance is 
present in solution outside a cell the relations are more complex. Very 
generally the entry of a substance is retarded by the presence of another, 
a phenomenon to which the name antagonism is given. The opposite 
state of affairs, in which the entry of a substance is accelerated by the 
presence of another, is much rarer; for this the name synergy has been 
suggested. 

A great many observations are on record regarding antagonism be- ' 
tween salts. Thus in 1906 Osterhout showed that certain marine plants 
which can live for some time in distilled water, die considerably sooner 
in a solution of sodium chloride isotonic with sea water than in distilled 
water. The presence of a small quantity of calcium chloride along with 
the sodium chloride enabled the plants to live nearly as long as in 
distilled water, while the addition of a little potassium chloride as well 
enabled the plants to live longer than in distilled water, while with the 
further addition of some magnesium chloride the plants could live 
practically as long as in sea water. Many similar observations with other 
mixtures of salts were recorded by Osterhout. The reduction of toxicity 
of the single salt resulting from the presence of a small quantity of 
another was attributed to a hindrance in the entrance of the toxic salt 
into the cells of the plant. The evidence is, of course, indirect, but in 
1907 Benecke produced direct evidence that the presence of one salt 
retards the entry of another into plant cells. The cells of many species of 
Spirogyra contain tannin. The entrance of an iron salt into such cells is 
rendered evident by the formation of a green or blue compound. Benecke 
found that if a quantity of a calcium salt is added to a solution of ferrous 
sulphate, the entrance of the iron into Spirogyra cells is much retarded, 
an observation which was later confirmed and extended by Sziics, who 
showed that not only calcium salts, but those of other metals, could 
bring about the same result, the antagonistic action depending on the 
valency of the cation, the greater the valency, the more effective the 
antagonism. 

Since these early observations antagonism has been demonstrated by 
a variety of methods both direct and indirect, but mostly depending on 
the reduction of toxic action or increase in growth rate in mixed, as 
compared with pure, solutions. All kinds of plant cells have been used 
in such experiments, including those of freshwater and marine algae, 
leaves and actively growing roots of higher plants, and storage tissues. 
A few examples may be quoted. Osterhout found that roots of wheat 
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seedlings grew more rapidly in solutions containing both salts of sodium 
and potassium (or ammonium, calcium or magnesium) than in pure 
solutions of the same concentration, there being a definite ratio of the 
concentrations of the two salts for which the rate of growth of the roots 
was greatest. Again, Chien in 1917 showed that a peculiar contraction of 
the chloroplasts of Spirogyra produced by chlorides of barium, stron- 
tium and cerium in certain concentrations was inhibited by addition of 
calcium chloride in a certain proportion. Cerium bromide could itself 
antagonize barium chloride and strontium chloride, but no antagonism 
was observed between the chlorides of barium and strontium. 

As another example may be cited the antagonism between salts of 
copper and aluminium investigated by Sziics. In 1911 this worker showed 
that when seedlings of Cucurbita pepo are placed with their roots in a 
pure solution of copper sulphate the copper is rapidly absorbed. With a 
solution of 0-025 N copper sulphate enough copper is soon absorbed to 
inhibit the response of the hypocotyl and root to the stimulus of gravity 
and of the hypocotyl to light (cf. Chapters XXII, XXIII) and to give a 
definite qualitative chemical reaction for copper. Addition of some 
aluminium chloride to the copper sulphate solution delays the inhibition 
of the geotropic and phototropic reactions, while the amount of copper 
absorbed in a definite time is much less. With copper sulphate in a con- 
centration of 0-025 N the maximum antagonistic effect of aluminium is 
exhibited with aluminium chloride in a concentration of 0-15 N. 

The phenomenon of synergy between simple salts is apparently only 
rarely met with. It was recorded as occurring between sodium citrate and 
a number of other sodium salts including the chloride, sulphate, nitrate, 
iodide and thiocyanate. Mixed solutions of these salts were observed by 
Raber to be more toxic to Laminaria cells than pure solutions of the 
single salts possessing the same electrical conductivity. 

Not only does antagonism occur between simple salts; it has also 
been recorded as occurring between a simple and a complex salt, such 
as an alkaloid hydrochloride or sulphate or a dye. Thus Sziics in 1910 
showed that potassium, calcium and aluminium nitrates retarded the 
entrance of methyl violet into cells of Spirogyra, and in 1912 he demon- 
strated a similar antagonism between quinine hydrochloride and these 
three nitrates. Osterhout in 1919 showed that antagonism occurred 
between sodium chloride and sodium taurocholate and sodium chloride 
and cevadine sulphate in regard to their toxic effect on cells of Laminaria. 
Further, a number of observations by different workers have shown 
that antagonism occurs between electrolytes and non-electrolytes. 
Weevers, for example, using the exosmosis of the red pigment from cells 
of the root of red beet as a criterion of toxic action, showed in 1914 
that the action of a number of organic substances in effecting this 
exosmosis could be antagonized by aluminium chloride and in some 
cases by zinc sulphate, cobalt chloride and manganese acetate. The 
organic poisons included' formaldehyde, ethyl alcohol, amyl alcohol,, 
ether, chloroform and chloral hydrate. Later, in 1921, (Hollander showed 
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that antagonism could exist between non-electrolytes and sulphonic acid 
dyes. Thus the absorption of the dyes cyanol and orange G was greatly 
retarded by a 2 per cent, solution of ether or a 0 - 5 to 1 per cent, solution 
of chloral hydrate. 

The mutual hindrance to the entry of each of two or more substances 
into plant cells is thus a phenomenon of wide occurrence. In attempting 
to find an explanation of it emphasis has been laid on certain relation- 
ships discovered by different workers. In the first place the valency of 
the ions has a very considerable effect on the efficiency of one salt in 
retarding the entry of another. This was shown by Sziics in 1910 in the 
case of the absorption of methyl violet by cells of Spirogyra, and by 
Mann in 1924 for the absorption of methylene blue, neutral red and 
orange G by cells of mangold root, the rule being that the higher the 
valency of the cation of the salt the less the absorption. It will be 
observed that all the dyes in question are basic dyes in which the 
coloured ion is the cation, so that actually the measured absorption of 
dye is that of the dye cation. We are therefore justified in regarding 
the results of Sziics and Mann as indicating a relationship between the 
valency of the ion of a salt and its antagonistic effect on ions of the 
same sign. Some of Mann’s results are summarized in Table XXVIII. 

TabU XXVIII 

The Absorption of Methylene Blue and Neutral Red by Mangold 
Tissue at 20° C. from 0-01 per cent. Solutions of the Dyes containing 
Various Chlorides in 0-01 N Concentration 

Percentage of dye absorbed in 12 hours 


Salt 



Methylene Blue 

Neutral Red 

Ammonium chloride 


, 

. 550 

81*0 

Magnesium chloride 


. 

. 290 

70*5 

Aluminium chloride 


. 

50 

140 

Lanthanum chloride 

. 

# 

5 5 

200 


As the curves in Fig. 9 indicate it would appear that the presence of 
the antagonizing salt does not merely retard the rate of entry of the dye, 
but alters the position of the equilibrium attained in the intake of the 
dye. In the case shown graphically it appears that when the position of 
equilibrium was approached in the absorption by mangold tissue of 
methylene blue from a 0-01 per cent, solution of the dye containing 
0*01 N magnesium chloride, five times as much dye had been absorbed 
as when the concentration of the magnesium chloride was 0*1 N. 

In Mann’s experiments the molecular concentration of the dye was 
too low for the latter to exert any considerable retarding effect on the 
entrance of the metallic cation. In the more recent experiments of Asprey 
published in 1988 the same effect of the valency of various cations on 
the intake of ammonium and calcium ions by potato tuber has been 
clearly demonstrated. This relationship is clearly shown by the curves 
in Fig. 10, which show the rate of absorption of ammonium ions from 
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a pure 0’02 N solution of ammonium chloride, and from solutions con- 
taining this salt in the same concentration with the addition of sodium, 
calcium and lanthanum chlorides respectively in the same concentration. 



Fia. 9. — Curves showing the absorption of methylene blue by mangold tissue immersed in 
solutions of this dye containing magnesium chloride in various concentrations (0 01 N, 
0-05 N, 0-1 N) as shown on the figure 
(Constructed from the data of C. E. T. Mann) 



Fio. 10. — Curves showing the rate of absorption of ammonium ions from a pure 0-02 N solu- 
tion of ammonium chloride and from solutions of 0*02 N ammonium chloride containing 
in addition 0*02 N sodium chloride, 0*02 N calcium chloride and 0*02 N lanthanum chloride 

respectively 

(From G. F. Asprey) 


A similar reduction in intake of calcium ions as the result of the presence 
of magnesium or lanthanum ions was shown by Asprey (cf. Fig. 11). 

An exception was found by Asprey in the case of a solution contain- 
ing 0*02 N ammonium chloride and 0*02 N lithium chloride. In presence 
of the latter the absorption of ammonium was greatly increased. 
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Fig. 11. — Curves showing the rate of absorption of calcium ions from a pure solution of 
calcium chloride and from mixtures of calcium and magnesium chlorides and calcium and 

lanthanum chlorides respectively 

(From G. F. Asprcy) 

As might be expected, the antagonistic action of one ion on another 
depends on the concentration of the former if that of the latter is kept 
constant. Thus Asprey found that after 10 hours’ immersion in mixed 
solutions containing 0 02 N ammonium chloride and various concentra- 
tions of calcium chloride, the intake of ammonium is lowered by 14 per 
cent, by 0 002 N calcium chloride, by 36-5 per cent, by 0-02 N and by 
50 per cent, by 0-1 N calcium chloride. Similar results were obtained by 
Mann in his work on the antagonistic action of metallic salts and dyes. 

Another relationship between ions in their antagonistic action was 
suggested by Kahho in 1921 as a result of observations on the absorp- 
tion of salts by roots of young yellow lupin plants. In descending order 
of absorption cations can be arranged in the series K, Na, Li, Mg, (Ba, Ca) 
when the roots are exposed to solutions of single salts. The order of 
absorption of anions is (Br, I, N0 3 ) Cl, tartrate, S0 4 , citrate. Now if two 
salts are present in the external solution Kahho found that the entrance 
of any cation in this series is retarded by the presence of any other cation 
to the right of it in the series, the retardation being greater the further 
the cation is to the right. Thus potassium chloride enters the cells more 
rapidly than lithium chloride from a solution of the same osmotic 
pressure, but from a solution possessing this osmotic pressure and 
containing both salts, salt enters much more slowly than from pure 
potassium chloride but a little faster than from pure lithium chloride. 
Kahho’s method of measuring salt intake, depending on the rate of 
recovery of the original volume of the tissue with entry of the salt 
following an initial contraction, is similar in principle to a deplasmolytic 
method, and only gives the total salt absorbed from a mixed solution. * 

The usual way of explaining antagonism is to regard it as due to 
competition between the solutes in their absorption. Thus if they were 
adsorbed, the adsorbing surface being limited, the adsorption of a second 
solute would necessarily reduce the surface on which the first solute is 
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adsorbed. This was at one time the more usual view of antagonism, but 
since the realization of the possibility of the condition of Donnan 
equilibrium between a cell and the surrounding medium the view has 
gained ground that the first phase in absorption of ions when plant 
cells are transferred to a new medium results from an interchange of 
ions between the cell and external medium. Since the amount of ionic 
material in the cell is limited, antagonism between ions is equally under- 
standable on this view. The observed antagonism between salts and non- 
electrolytes does not appear to be explicable on these grounds, while 
Collander’s work on the absorption of non-electrolytes by Chara, in which 
it was shown that these substances are absorbed until there is equality of 
concentration between internal and external solutions, indicates that 
adsorption plays no significant part in the absorption of non-electrolytes 
in these experiments. Hence the question of antagonism still presents 
difficulties. Most of the work on antagonism was carried out before the 
diphase character of salt absorption was recognized, and it is not clear 
how far antagonism is concerned with ion interchange and how far with 
absorption conditioned by metabolic action, though recorded results 
suggest that both phases in absorption are involved in antagonistic 
action. 


REVERSIBLE CHANGES IN CELL PERMEABILITY 

When a cell is acted upon by a toxic substance the usual result is that 
the organization of the protoplasm is broken down so that the latter 
becomes very much more permeable to dissolved substances. Not only 
simple electrolytes but complex substances can then diffuse out from 
the cell, the unequal absorption of ions no longer takes place, and the 
position of equilibrium attained in their intake is now generally one of 
equality of concentration inside and outside the cell. These changes in 
the permeability of the cell induced by toxic substances are irreversible 
and are associated with the death of the cell. 

But it is of interest to inquire whether the cell membranes undergo 
reversible changes of permeability. External factors which can reason- 
ably be regarded as possibly bringing about such reversible changes in 
permeability are temperature, light, and the composition of the medium 
surrounding the cell. Metabolic changes in the cell might also in them- 
selves lead to changes in permeability by bringing about chemical or 
physical changes in the protoplasm. 

/ Temperature. It has been noted earlier in this chapter that the rate 
of diffusion of solutes increases with a rise of temperature. Hence it 
seems likely that solutes would diffuse more rapidly through the cell 
membranes the higher the temperature, provided the temperature is not 
high enough to bring about a disorganization of the protoplasm. There 
are, however, few data dealing with the effect of temperature on per- 
meability of the cell membranes to dissolved substances. Some scattered 
observations by various workers on the intake of dyes by plant cells 
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indicate that, within limits, the rate of absorption of these substances is 
increased by temperature, while Stiles and Jorgensen in 1915 found that 
temperature had a considerable effect on the rate of absorption of 
hydrogen ions of hydrochloric acid by potato tissue, the temperature 
coefficient of the reaction over a range of temperatures from 0° to 80° 
being about 2. But whether this temperature effect is related to per- 
meability is extremely doubtful, since the acid is toxic to the tissue and 
it may be that the cells are soon rendered irreversibly very permeable 
and the measured temperature coefficient is largely related to a chemical 
action between acid and some cell constituent, possibly protein. All the 
same, it seems likely that temperature influences the rate of entry of 
solutes into plant cells, and that such changes in rate of entry are 
reversible. 

Light. A number of observations are on record which are supposed to 
indicate that light has an effect on cell permeability. Actually most of- 
these observations can be interpreted otherwise, but there are one or 
two which do indeed suggest that light may be effective in this way. 
Thus Blackman and Paine in 1918 found that exosmosis of electrolytes 
took place more rapidly from the cells of an excised pulvinus of Mimosa 
pudica in the light than in the dark. 

Dissolved Substances in the External Medium. Here again it has fre- 
quently been concluded that various substances influence the permea- 
bility of the cell membranes. The irreversible increase in permeability 
produced by toxic substances has already been mentioned. It is possible 
that the increase in permeability produced by such toxic substances 
might be reversible if the poison were in a dilute enough concentration or 
if the time of its action were sufficiently short. Although definite evidence 
on this point is lacking there is evidence that reversible changes in per- 
meability may be brought about by non-toxic solutions, although gener- 
ally more than one interpretation of observed experimental results is 
possible. Among these alleged cases of change in permeability is one 
recorded in 1905 by Wachter, who found that the presence of potassium 
nitrate in the medium external to onion bulb scales inhibited the diffu- 
sion of sugars from the cells. This can be interpreted in terms of a 
reduction in permeability produced by potassium nitrate. 

Asprey has shown that previous immersion of potato tuber tissue in 
various salts greatly affects the absorption of ammonium ions by the 
tissue. Sodium, potassium and lithium chlorides increase the rate of 
subsequent absorption of ammonium as compared with that taken up 
by tissue previously treated with distilled water. Previous treatment 
with calcium, magnesium or aluminium chloride, on the other hand, 
brings about a lessening of the rate of absorption of ammonium. Whether 
these changes in the rate of intake of ammonium ions as a result of pre- 
treatment of the cells with other salts is simply due to ion exchange 
proceeding to a different position of equilibrium, or whether there is 
actually a change in the permeability of the protoplasm to ions is not 
certain, but the latter alternative is at least a possibility. These observe- 
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tions by Asprey enabled him to bring the phenomena of synergy into 
line with those of antagonism. Thus he considers the effect produced by 
the presence of one ion on the absorption of another to be the result of 
two factors, the competition for the ions in their absorption and the 
specific effect of the ion on the absorptive capacity of the tissue, an 
effect which might very well be a change in the permeability of the 
protoplasm. Should the permeability be increased sufficiently the 
synergic effect would result. 

THEORIES OF CELL PERMEABILITY 

Most workers on the relations of plant cells to dissolved substances 
have adopted the view that the cell can be regarded as a solution sur- 
rounded by a protoplasmic membrane which may comprise the whole 
thickness of the protoplasm or only a thin layer of it. The cell- wall forms 
a second membrane surrounding the protoplasm, but since much evidence 
suggests that this is typically readily permeable to most solutes, it 
cannot as a rule play much part in determining the permeability of the 
cell membranes as a whole. 

J If this view is adopted, then the same possibilities exist with regard 
to the mechanism of the passage of solutes through the protoplasmic 
membrane as through artificial membranes. It will be recalled that 
there are three possibilities. If the membrane is heterogeneous with a 
porous structure, the molecules of the solute may only be able to pass 
through the phase constituting the pores and hence the membrane acts 
as a sieve or ‘ultrafilter’. On the other hand, if the membrane is homo- 
geneous a dissolved substance must either diffuse through the membrane 
in solution or form a reversible adsorption or chemical compound with 
the substance of the membrane. With a heterogeneous membrane on the 
other hand, it is obviously a possibility that some substances might pass 
through the phase constituting the pores, while others pass through in 
solution in the continuous phase. Thus if the protoplasmic membrane is 
heterogeneous it might act as an ultrafilter to some solutes, while others 
pass into the cell in solution in the continuous phase, or, for that matter, 
by combination with this phase. It has already been noted in Chapter II f 
that although the view has been held that the outermost layer of the 
protoplasm is a film of fat, it is more usual to regard both the protoplasm 
as a whole and its limiting layers as possessed of a heterogeneous structure. 

The ultrafiltration theory of cell permeability finds its chief support 
from work by Kfister and Ruhland on the staining of cells by dyes. The 
method of investigation described by Kiister in 1911 consists in placing 
the cut end of a shoot in a solution of a dye which is then carried through 
the plant in the vascular bundles, and from these passes into the neigh- 
bouring living cells if the latter are permeable to it. Using this method, 
Ruhland examined the capacity of 89 acid dyes to penetrate into cells 
of young plants of Vida faba, and came to the conclusion that the 
penetrability of the dyes runs parallel with the diffusivity, which itself 
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depends on the size of the molecule or molecular aggregate, the smaller 
the latter the greater the diffusivity. A similar conclusion was drawn by 
Ruhland from experiments on the penetration of 80 basic dyes into 
cells of Spirogyra and epidermal cells of onion bulb scales. Thus, since 
the smaller the molecule or molecular aggregate the more rapid the 
absorption of the dye, the plasmatic membrane behaves just as an ultra- 
filter in regard to the entrance of these dyes. Later observations pub- 
lished by Ruhland and Hoffmann on the penetration of a large number 
of substances of various kinds, both crystalloidal and colloidal, into the 
cells of the bacterium Beggiatoa mirabilis, completely supported the ultra- 
filtration theory. 

A number of exceptions have been recorded to Ruhland’s rule 
regarding the entry of dyes into plant cells, but although ultrafiltra- 
tion may not be the only mechanism by which solutes enter the cell, 
Ruhland’s observations afford strong evidence that to many dyes and 
other substances the cell membranes act as a sieve or ultrafilter. 

The chief solution theory of permeability is that put forward by 
Overton in 1895 and succeeding years, according to which the capacity 
of solutes to penetrate the protoplasm is a function of their solubility 
in lipoid substances, which as we have already seen in Chapter II, are 
generally regarded as essential constituents of the protoplasm and 
particularly of its limiting layers. 

Overton himself examined the permeability of many different kinds 
of cells to a wide range of substances, including dyes and a number of 
non-electrolytes, and found that those substances which readily enter 
cells are soluble in fatty substances (‘lipines’), while those which are 
insoluble in lipines do not readily enter living cells. As with the ultra- 
filtration theory, so here, also, a number of exceptions to the rule, 
particularly among dyes, have been recorded, while it is obvious that the 
penetration of all substances into living cells cannot depend on their 
solubility in lipines, since water and inorganic salts which are not soluble 
in fatty substances readily enter cells. 

The recent observations of Collander and Barlund on the permeability 
of Chora cells to non-electrolytes are rather illuminating. Experimenting 
with some 35 organic compounds, they found a striking parallelism 
between the lipoid solubility as measured by the partition coefficient 
of the substance in the system olive oil/water and the rate of entry into 
the cell. There were, however, some exceptions to this rule. About 20 
per cent, of the substances penetrated the cells more readily than was 
to be expected if the penetrating power depended on solubility in lipines. 
All these were substances with comparatively small molecules (methyl 
alcohol, formamide, acetamide, propionamide, cyanamide, ethylene 
glycol) and the conclusion was drawn that if the molecules are small 
enough they can pass not only through the liquid phase of the plasmatic 
layer, but through the pores in this phase, the membrane thus acting 
as an ultrafilter. These results support a lipoid-filter hypothesis of cell 
permeability according to which entrance of solutes into the cell is 
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mainly by solution through a lipoid plasmatic layer. Between the lipoid 
particles, however, are pores presumably occupied by another phase, 
through which molecules with a diameter smaller than that of the pores 
can pass. According to the estimate of Collandcr and Barlund, the solute' 
molecules can pass through the spaces between the lipoid micellae if 
they are less than 0*4 /ift in diameter, which thus gives a measure of the 
size of the pores. Electrolytes were not dealt with by Collander and 
Barlund, but if the phase occupying the spaces between the lipoid micellae 
is an aqueous one, we may suppose that the passage of ions, at any 
rate the smaller ones, might take place by diffusion through those pores. 

However, the validity of the conclusion of Collander and Barlund has 
been called in question by Danielli. He points out that resistance to the 
passage of a molecule through a lipoid membrane occurs (1) at the inter- 
face water /lipoid, (2) through the interior of the membrane, and (3) the 
interface lipoid/water. Mathematical treatment of the subject based on 
these assumptions leads him to conclude that the permeability of a 
homogeneous lipoid membrane to a substance is not determined solely 
by the partition coefficient, but is also dependent on the size of the mole- 
cule of the penetrating substance. They obtain the following relation- 
ships between permeability and partition coefficients: 

2SOOx 


for slowly penetrating molecules 
and 

PM* = KB 

for very rapidly penetrating molecules 

where P is the permeability, B the partition coefficient, M the mole- 
cular weight, * the number of non-polar groups such as CH g in the mole- 
cule, T the absolute temperature, R the gas constant and K a constant. 
When these relationships are applied to the results of Collander and 
Barlund it appears that the penetrability of all the substances examined 
can be related solely to lipoid solubility and that no exceptions related 
to molecular size are evident. 

The mechanisms suggested to explain cell permeability so far con- 
sidered have involved the passage of the solutes into the cell by simple 
diffusion through one phase or another of the protoplasmic layer. Other 
views that have been propounded involve a more complex mechanism. 
Thus Kahho regarded the permeability of salts as related to their 
capacity for coagulating certain of the protoplasmic colloids, probably 
the lipoid constituents. Other writers have laid stress on the possibility, 
as a result of the action of solutes, of alterations in the space relation- 
ships of the different phases of the protoplasm, as, for example, by the 
transference of water from one phase to another, with consequent 
alterations in permeability, particularly if the solutes pass through only 
one phase of the plasma-membrane. 

There is little experimental evidence at present to enable us to 
8 
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evaluate these theories, but it will be observed that they are not con- 
trary to either ultrafiltration or solution theories, to which, indeed, they 
can be regarded as additions or further developments. But there are 
those who deny the very existence of anything functioning as a mem- 
brane in living cells. This view has certainly found support chiefly among 
animal physiologists, for it is clear that in the vacuolated cell, in which 
protoplasm lines the cell-wall, the whole body of the protoplasm forms 
a membrane which with the cell-wall separates the vacuole from the 
external surroundings. We have already seen that the position in non- 
vacuolated cells requires investigation, and at present it is impossible to 
say whether the relations of this type of cell to the intake of solutes are 
best explained in terms of the presence of limiting plasma-membranes 
or not. However this may be, the passage of a substance into such a cell, 
if there is no limiting membrane, must depend on diffusion and, if the 
substance accumulates in the cell beyond the amount demanded by 
equality of concentration within and without the cell, either chemical 
combination, adsorption or a supply of energy provided ultimately by 
respiration for the entrance of the substance against its concentration 
gradient. Theories of solute absorption by cells, depending on chemical 
combination or adsorption, have also been applied to absorption through 
protoplasmic membranes. Sziics, indeed, thought the intake of dyes and 
various non-electrolytes might be due, as Overton supposed, to their 
solubility in lipines, while salts enter through adsorption by, or chemical 
combination with, the protoplasm. The relationship between concentra- 
tion of solute and amount of its adsorption might be held to support this 
view, and so might the influence of valency on the antagonistic effect of 
different ions. However, dyes appear to behave for the most part like 
inorganic salts in these respects, and should therefore be included rather 
with salts than with non-electrolytes. Further, we have already seen 
that the absorption of electrolytes by cells can be explained as due partly 
to an exchange of ions resulting from the establishment of a Donnan 
equilibrium or from adsorption and partly to a direct or indirect linkage 
of absorption with respiration which provides energy for moving ions 
against a diffusion gradient. Much, however, yet remains to be ex- 
plained as regards the salt relations of plant cells, and it is equally certain 
that the last word has not been written concerning the way in which 
non-electrolytes enter living cells. 



CHAPTER V 


ENZYME ACTION 

A very important aspect of the life of a plant is the building up of 
complex materials from less complex substances and the breaking 
down of the complex substances into simpler ones. While certain special- 
ized cells of the plant, those cells coloured green owing to the presence 
of chlorophyll, are alone capable of manufacturing carbohydrate from 
inorganic material, every cell in the plant body appears to possess certain 
potentialities in regard to the synthesis of more complex organic com- 
pounds from simpler ones, or, at any rate, in regard to the breaking down 
of complex substances into simpler materials. Actions involving the 
transformation of organic materials are to be regarded as characteristic 
of all living cells, and therefore to fall into the province of what we 
regard as the general physiology of the cell. 

It is a feature of these actions that they take place readily in the 
living cell at ordinary temperatures, whereas outside the plant they 
will in many cases only take place at very much higher temperatures 
and with the aid of reagents which are certainly not present in the 
plant. To take a simple example, it has been known for many years 
that in many plant organs starch is hydrolysed into glucose. Outside 
the plant the rate of conversion of starch and water alone into glucose 
is so slow as to be negligible. To bring about the hydrolysis of starch 
outside the plant at a rate comparable with that taking place in the 
living cell it is necessary to add to the reactants a quantity of acid 
rendering the medium very much more acid than the cell contents, and 
to employ a temperature much higher than that present in the living cell. 

''"■'Now it is well known that substances exist which increase the rate 
of reactions but which are not used up themselves, since at the end of 
the reaction they remain unchanged. These substances are called 
catalysts, and it is to the presence and action of catalysts in living cells 
that the comparatively rapid material transformations in these cells are 
to be ascribed. Substances can be extracted from living cells and tissues 
which enable these transformations to take place readily outside the 
plant at ordinary temperatures, and it is natural to conclude that it is 
owing to the presence of these substances in the cell that the actions in 
question proceed so readily. To such a catalyst present in living cells the 
name enzyme or ferment is given. ^ 

Certain actions which we know are brought about by enzymes have 
beenrecognized for a very long time. Among such, alcoholic fermentation, 
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the production of ethyl alcohol from sugar through the agency of the 
enzymes present in yeast, is the most noteworthy, for the operation 
of this process has undoubtedly been practised for thousands of years. 
Other long-recognized processes due to the action of enzymes are digestion 
and putrefaction. It was not, however, until the nineteenth century that 
the mechanism of enzyme action came in any way to be understood, and 
even now, after a hundred years of development of our own knowledge 
of enzymes, much obscurity remains concerning them and their mode of 
action. 

v^/The history of enzyme action is generally regarded as commencing 
with the work of Dubrunfaut, who in 1880 prepared from germinating 
barley (malt) an extract which possessed the power of converting starch 
into sugar. In 1888 Payen and Persoz prepared from such an extract, by 
precipitation with alcohol, a substance which would bring about this 
conversion of starch into sugar. To this substance the name diastase was 
given. 

In the same year de Saussure had prepared a substance from ger- 
minating wheat which brought about the same action, and which he 
recognized as possessing the same properties as Payen and Persoz’s 
diastase. The discovery of other enzymes in plants and animals followed: 
in plants notably that of emulsin in bitter almonds which was found to 
break down the glycoside amygdalin present in those seeds. 

Meanwhile the process of alcoholic fermentation had attracted the 
attention of chemists. Lavoisier and Gay-Lussac had shown that it 
consisted in the breaking down of sugar into alcohol and carbon dioxide, 
while Berzelius, who was responsible for the conception of catalysis, 
regarded alcoholic fermentation and analogous processes, such as acetic 
acid and lactic acid fermentations, as catalytic actions. 

Pasteur showed that alcoholic fermentation was brought about by 
the action of the living yeast cells. It thus appeared that such catalytic 
actions could be induced either by living cells, as in alcohol, acetic acid 
and lactic acid fermentations, or by non-living substances such as 
diastase and emulsin. It thus came about that such catalysts or fer- 
ments were regarded as forming two classes; organized ferments such 
as yeast and certain bacteria, which were living cells, and unorganized 
ferments like diastase and emulsin which acted independently of living 
cells. The use of the term enzyme for unorganized ferments was proposed 
by Kiihne in 1878. 

The distinction between organized and unorganized ferments dis- 
appeared as the result of the work of Buchner in 1897. Yeast was ground 
up with fine quartz sand and the juice pressed out from the broken cells. 
The liquid so obtained was found to be capable of fermenting glucose 
and it therefore appeared that the fermenting power of yeast is due to 
the presence in it of an enzyme which can be extracted and retain its 
activity outside the organism, just as diastase, after extraction from the 
plant, can bring about the hydrolysis of starch. The words ferment and 
enzyme thus became synonymous, and although in this country the word 
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enzyme is generally used, on the Continent the word ferment is also used 
quite frequently. 

At the present time a very great number of enzymes have been 
recognized in living plants, and the leading part they play in material 
transformations in the plant realized. For the substance acted upon by 
an enzyme the term substrate is now generally used. While much has 
been learnt about their properties and mode of action during the last 
thirty years, our knowledge of enzymes must be regarded as still in its 
infancy, so long as the chemical constitution of no single enzyme is 
known with any exactitude. 


GENERAL PROPERTIES OF ENZYMES 

Enzymes, being catalysts, possess the general properties of those 
substances, but at the same time exhibit very definite characteristics in 
which they differ from inorganic catalysts. Var ious definitions of enzymes 
have been proposed by different authorities and it is difficult to find a 
really satisfactory definition which will include all undoubted enzymes 
and exclude substances definitely not enzymes/'Bayliss defined enzymes 
simply as ‘catalysts produced by living organisms’. E. F. Armstrong’s 
definition was that they are ‘selective, colloidal catalysts, present in 
living cells and-d^stroyed by heat’. J. B. S. Haldane defined an enzyme 
as ‘a'sol'uble, colloidal, organic catalyst, produced by a living organism’. 
Bayliss objected to their being described as selective, as some, for 
example, emulsin, act on a great variety of compounds; moreover, some 
inorganic catalysts may be described as selective. He also disapproved 
of the introduction of the word ‘colloidal’ on analogous grounds; he held 
it doubtful whether the active constituent of an enzyme was always 
colloidal, while some inorganic catalysts are colloidal. Destruction by 
heat, which is involved in Armstrong’s definition, was also not accepted 
by Bayliss since the actual temperature at which the enzyme is rendered 
in active yaries with the enzyme, while again, some inorganic catal ys ts 
are th crmolabile, It a ppea rs that Bayliss would definitely have included 
aTenzymcs/systems that Haldane excludes. In thaipjjBgtTrTnatll'quatc 



are substances which would be included in Bayliss’s definition which 
appear to be unlike enzymes in most of their characteristics, and at 
present it is convenient to limit enzymes at any rate to colloidal sub- 
stances. The selective action of enzymes varies greatly, and it seems in- 
advisable to emphasize this as a distinctive quality of enzymes, although 
it is often of the highest importance. The destruction of the enzyme by 
heat is also a very general property, but Keilin has demonstrated the 
presence of thermo-stable substances in yeast and in other organisms, 
which have enzymatic properties. To exclude certain surfaces which 
appear to bring about oxidations and reductions in the living cell, it has 
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also been proposed to limit the term enzyme to soluble catalysts of the 
kind mentioned, but the fat-splitting enzyme of Ricinus is insoluble in 
water. There are thus a few substances or systems which would be 
included as enzymes by some authorities and not by others. v 

Certain properties of enzymes are shared by all catalysts. Thus they 
alter the rate of chemical reactions. Whether they initiate the reactions 
or only accelerate reactions which otherwise take place extremely slowly 
is not settled to general satisfaction. Although they change the rate of * 
the reaction they are not themselves used up, that is, they are not bound 
up in the end-products of the reaction but remain qualitatively and . 
quantitatively unchanged at the end of it. 

"S This statement that catalysts alter the rate of reactions requires 
^iome amplification. It has been pointed out by J. B. S. Haldane that in 
organic chemistry side reactions arc usual; thus under a particular set 
of conditions, and in absence of a catalyst, 99 per cent, of a substance, X, 
piay be converted into another, A, but the remaining 1 per cent, may 
.'be converted into a different substance, B. A catalyst may bring about 
an acceleration of the latter process but not of the former, and so the 
whole of the reactions in which X is involved are quantitatively altered 
by the catalyst. The same considerations hold with regard to enzyme 
actions. One enzyme may, for example, accelerate the production of 
A from X, another the production of B, and so, according to the enzyme 
present, X will meet with different fates. Hence enzymes may actually 
determine the direction of actions in the organism. 

^ Catalytic actions are reversible and it has been shown that a number 
of enzyme actions also arc reversible, the action proceeding to a definite 
equilibrium point, the direction of the action depending upon the active 
masses of the reacting substances present. The question of reversibility 
f enzyme actions will be dealt with in some detail later. 

The other characteristics of catalytic actions are also exhibited by 
^enzymes. A very small quantity is often sufficient greatly to alter the 
rate of the reaction, while, with low concentrations of enzyme the degree 
of acceleration of the action is proportional to the concentration of 
catalyst present relative to the concentration of the substance acted 
upon. 

Other characteristics of enzymes are not shared by catalysts in 
general. In the first place, although a number of enzymes have now 
been isolated in a crystalline form, their chemical composition is generally 
either unknown nr kn o wn wit h sufficient p re cisioB-ta t hwn 

to bgtdentified byjch emical tests, altho ugh on e or^ woqM^ess-w rffi g i e n tiy' ' 
distinctive absorption spectra. WIthvery few exceptions therefore, an 
enzyme can only be identified by its activity. Secondly, although Bayliss 
objected to their selective action being emphasized in defining them, 
enzymes are nevertheless specific in their action, but the degree of 
specificity varies. Thus the enzyme invertase, sucrase or saccharase 
which catalyses the hydrolysis of cane sugar into glucose and fructose, 
is not known to act on any other substance; zymase, the enzyme complex 
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responsible for alcoholic fermentation, acts on three hexose sugars, 
d-glucose, d-fructose, and d-mannose, but not on any other, while one 
protein-splitting enzyme appears to possess the power of breaking down 
many different proteins. But whether many similar actions, as for> 
example the hydrolysis of various fats, are brought about by one enzyme,/ 1 
or whether a different enzyme is responsible for each action or a relatively! ( 
small number of similar actions is really not known; it is not known, l 
that is, whether there are relatively few or many fat-hydrolysing; 
enzymes, and the same ignorance exists in regard to many other enzymej 
actions. ' J 

\ As is generally so with chemical reactions taking a measurable time, 
Kt"he rate of an enzyme action increases with rise in temperature, the 
rate being very frequently increased about 2 to 3 times for a rise in 



Temperature *■ 

Fig. 12. — Curves showing the relation between temperature and the rate of enzyme action 

(After Duclaux) 


temperature of 10° C., although for some enzyme reactions temperature 
coefficients outside the ordinary range of values have been observed. It 
should also be noted that the coefficient is not necessarily constant over 
a wide range of temperatures, and in enzyme actions, owing to the des- 
truction of the enzyme by heat, the range is often very small. Above 
60° C. the instability of most enzymes rapidly increases with the tem- 
perature. The observed effect of temperature on enzyme actions is thus 
the combined result of a direct e ffect of temperature o n the rate of the 
reaction and the influence of temperaCure’onTormging about destruction 
of the enzyme. A~teferehce to Fig. 12 will make it clear that there will 
thus be apparently an optimum temperature for the enzyme action. 
Here the curve AB represents the temperature effect of the action alone 
and CD the relation between temperature and rate of destruction of the 
'enzyme; The- observed relation between rate of enzyme action and tem- 
perature will then be represented by the curve AE. But, as pointed out 
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by Kftnit.7. lQ15 r .thf nptinmiiin is nnI..a^v«wi^Hi»f4mirwffr depend on 
the quantity of the enzyme present. With a larger quantity of enzyme 
the action will proceed more rapidly than with a smaller; consequently, 
in the former case at high temperature, more of the substrate will have 
been converted after a certain time than in the latter, so that at the same 
relative stages of substrate conversion in the two oases a greater propor- 
tion of the original quantity of enzyme will remain active in the former 
than in the latter. The high temperature will thus have less effect in 
reducing the rate of enzyme action with the higher concentrations of 
enzyme, and so the optimum temperature will appear to be higher. 
Again, since the quantity of enzyme inactivated will increase with the 
time of action, the optimum observed will depend on the time for which 
the experiment has proceeded when the rate of the action is measured; 
the longer the period during which the enzyme has been exposed to the 
high temperature, the lower will the optimum temperature appear to be. 
v/Co -enzymes. In some instances it is possible to separate an active 
enzyme preparation into two parts, one of which is colloidal and thermo- 
labile and which is therefore to be regarded as containing the enzyme 
proper, while the other is crystalloidal and thermo-stable and which has 
therefore not the general characteristics of enzymes, but which neverthe- 
less must necessarily be present for the enzyme to function. Such a sub- 
stance is termed a co-enzyme. T hus in 1004. Har d en Ymwg shewed 
that an active preparation of zymase from yeast can be separated by 
dialysis into a colloidal and a crystalloidal portion. BotTF fractions are 
inactive, but when brought together again the enzymatic activity is re- 
newed. The colloids in the non-dialysable portion are regarded as includ- 
ing the enzyme proper, zymase or apozymasc, which is not only colloidal 
but also destroyed in solution by a temperature of 50° C.; the dialysable 
fraction which can withstand a temperature of 100° C., is said to contain 
the co-enzyme or cozymase. This fraction contains much soluble phos- 
phate, and it was at one time thought that the co enzyme might be 
phosphateFlIowever, addition of soluble phosphate to the enzyme frac- 
tion does not restore its activity, whence it is concluded that some other 
substance is the co-enzyme required for the functioning of the zymase. 
The composition of this substance is now known; it will be referred to 
further later. But, in addition to this organic substance, phosphate is 
necessary for the functioning of zymase. Bayliss therefore considered 
zymase required two co-enzymes for its functioning. J. B. S. Haldane 
would limit co-enzymes to organic substances of a high degree of speci- 
ficity, which would exclude phosphate from the category of co-enzyme. 
This latter view is now generally accepted. 

As will be shown later, recent conceptions of the nature of enzymes 
suggest that where a co-enzyme is not necessary for the functioning of 
the enzyme, the latter may contain in its molecule groupings which may 
be regained as the equivalent of a co-enzyme. 

Inhibitors. Many substances retard enzyme actions or stop them 
altogether. Among such substances are salts of heavy metals, alcohols, 
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aldehydes, cyanides, sodium azide and carbon monoxide. Sometimes the 
inhibition of the enzyme is permanent, in other instances it is reversible 
on removal of the harmful substance. Such substances are termed in- 
hibitors, inactivators, paralysers or poisons. Different inhibitors act 
differently on different enzymes. - ' 

^ Accelerators. Frequently the rate of an enzyme action is increased by 
the presence of some other substance. The acceleration of laccase action 
by a low concentration of a manganese salt may be cited as an example. 
Such substances, a number of which have been recorded as accelerating 
the action of different enzymes, have been termed accelerators or acti- 
vators. 1 * * * * * * * The action of some accelerators may be due to their reaction 
with, and hence removal of, an inhibitor present as an impurity in the 
enzyme preparation.* 

Reaction of the Medium. The hydrogen-ion concentration of the 
medium in which the enzyme action takes place has a very considerable 
influence on the activity of the enzyme. An optimum pH can usually be 
determined for each enzyme action, but the optimum may vary some- 
what according to the substrate and accompanying substances. The 
majority of enzymes exhibit an optimum between p H 4 and pH *L -S o- 
that they tend on the whole to be more active in weakly acid media. 
Practically all enzymes are only active over a certain limited range of 
pH, and exposure to a too strongly acid or alkaline medium may result 
in destruction of the enzyme.*' 

Preparation and Purification of Enzymes. The general principle in- 
volved in the preparation of most enzymes is to render the cell mem- 
branes permeable to the enzyme, extract the latter with a solvent and 
then precipitate the enzyme with a suitable reagent. In this way a crude 
preparation of the enzyme is obtained. For purifying this preparation 
various methods are employed, such as re-solution followed by re-precipi- 
tation, dialysis, and adsorption followed by elution. 

~For rendering the cell membranes permeable a number of different 
methods have been used. Sometimes the cells are ground up with fine 
sand; this results in disintegration of the cells, and their liquid contents 
cSrf then be pressed out of them. Another method consists in treating 
the cells with alcohol or acetone or some other reagent for a short time. 

1 The terra co-enzyme was originally introduced by Bertrand in 1897 for a 

substance which brings about a great increase in enzymatic activity, the particular 
case involved being that of manganese salts which in very dilute concentration 
greatly increase the activity of the oxidizing enzyme laccase. Bayliss distinguished 

between a co-enzyme, which is necessary for an action to proceed at all, and an 
accelerator, which increases the rate of an action which does proceed without it. 
J. B. S. Haldane employed a different criterion, that of specificity, and regarded 

a co-enzyme as a thermo-stable crystalloidal organic substance of fairly high 

specificity, and an activator as a non-specific substance which ( permits or increases 9 

enzyme activity. Waksman and Davison wrote of ‘specific accelerators or co- 

enzymes 9 and included inorganic salts among these. It should be noted, therefore, 

that in the past the conceptions of co-enzyme and activator (or accelerator) of 

different authorities differed. 
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The soluble contents of the cell are then capable of diffusing out of it. 
Yet another method consists in drying the tissue, generally at a moder- 
ately low temperature (20° C. to 30° C.) since too high a temperature, 
as we have already noted, brings about destruction of the enzyme. In 
exceptional cases, however, higher temperatures can be employed for a 
short time, especially after the cells have lost most of their water, since 
enzymes are more resistant to high temperature when dry. In yet other 
cases the cells are rendered permeable to certain enzymes by autolysis. 
The cells are allowed to stand for some time in water in presence of 
toluene or some other antiseptic to prevent bacterial action. Some of the 
enzymes in the cell bring about destruction of the protoplasm which thus 
becomes permeable to the cell enzymes. 

Most enzymes are soluble in water and glycerol, and these are the 
solvents most generally used to extract the enzymes. The water or 
glycerol extract contains a very great deal of dissolved material besides, 
enzyme. Precipitation of the latter is usually effected with alcohol, and 
a considerable amount of the accompanying substances remains in 
solution. ' 

A certain amount of purification can often be effected by re-solution 
and re-precipitation. Crystalloidal substances can be separated from the 
colloidal enzymatic and other material by dialysis, using membranes 
impermeable to the enzyme but permeable to crystalloids. In one case, 
that of invertase from yeast, the separation of coloured impurities has 
been effected by using membranes permeable to the enzyme but im- 
permeable to the coloured material. It is often possible to separate the 
enzyme from impurities by adsorbing it. A large number of adsorbents 
have been used for this purpose, the chief being charcoal, kaolin and 
aluminium hydroxide. The enzyme is then freed from the adsorbent by 
adding a substance which is preferentially adsorbed, or by altering the 
reaction of the medium. 

The method devised by Tswett for separating the pigments of the 
leaf by allowing an extract of them to pass through a column of adsorbent 
(see p. 210) has been found useful for separating enzymes from accom- 
panying substances. 

Some twenty or so enzymes have now been prepared in a crystalline 
condition. The methods that have been employed to achieve this have 
varied with the enzyme. The first enzyme to be obtained in the form of 
crystals was urease which was so prepared by Sumner in 1926 from a 
.suspension of jack bean meal in 82 per cent, acetone. After filtering this 
in an ice chest and allowing the filtrate to stand overnight the micro- 
crystals of urease separated out. More generally it is necessary to purify 
the crude enzyme extract by one or more of the ways already indicated 
before the actual process of crystallization is carried out. 

NATURE OF ENZYMES 

For many years after the general properties of enzymes were well- 
known no enzyme had been obtained in an even approximately pure 
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state. However, the production of crystalline urease by Sumner in 1926 
was followed in 1080 by the production of crystalline pepsin by Northrup, 
since when the list of enzymes obtained as crystals has slowly grown so 
that now upwards of twenty enzymes have been obtained in this state 
and therefore in a more or less pure condition. 

,/All enzymes so far obtained in a crystalline condition as well as those 
which, although not obtained crystalline have been obtained in a pre- 
sumably approximately pure state, have proved to be protein in char- 
acter. The protein may, however, form only part of the whole enzyme 
molecule, this containing also a non-protein grouping. Willstatte r re- 
garded the enzyme sucrase and presumably enzymes in general, as 'con- 
sisting of a chemically active group attached to a large colloidal nucleus 
or carrier, the whole forming a ‘symplex’. The carrier of Willstatter is 
now regarded as the protein part of the enzyme and the associated or 
active part is generally called the active or prosthetic group. Where the 
whole enzyme system involves an enzyme proper and co-enzyme separ- 
able from one another it is not unreasonable to regard the enzyme proper 
as equivalent to the protein part of the symplex and the co-enzyme as 
equivalent to the prosthetic group. It may thus be that all enzymes con- 
sist of protein and prosthetic group, but that in some these are held 
together more firmly than in others. Where the two parts are only loosely 
bound together they are readily separated into enzyme and co-enzyme. 

As a definite example the enzyme peroxidase may be taken. This was 
shown by Keilin and Mann to contain iron, and to belong to the groi nrq f 
compounds' called porphyrins. Latef “Them ell wasr sblS ’ To separate a 
peroxidase obtained from horseradish into protein and haematin. The 
protein ean be regarded as enzyme, apo-enzyme or carrier, the haematin 
as co-enzyme or prosthetic group. •- 

Like all proteins enzymes have large molecules. Crystalline pepsin 
has been found by Northrup to have a molecular weight of about 
86,000, while Sumner, Dounce and Frampton attribute to urease a 
molecular weight of 483,000. 


CLASSIFICATION OF PLANT ENZYMES 

Plants have now been shown to contain a very large number of 
enzymes and it is not merely convenient, but necessary, to classify them. 
If their chemical composition were precisely known, chemical constitu- 
tion would obviously form a sound basis for their classification, but as 
this is not so the only satisfactory method of classifying them at present 
must depend on the reactions they catalyser^fhus many of the best- 
known enzymes catalyse hydrolytic actions such as the hydrolysis of 
starch to maltose, effected by amylases, the hydrolysis of sucrose to 
glucose and fructose by invertasc (sucrase or saccharase) and the hydro- 
lysis of fat into fatty acid and glycerol by lipase. Such enzymes have been 
termed hydrolases. Other enzymes effect breakdown by reaction of the 
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substrate with some substance other than water. Such are phosphorylase 
in which the substrate reacts with phosphoric acid and chlorophyllase 
in which the substrate reacts with alcohol. Other enzymes break down 
the C — C linkage. Such is carboxylase, which breaks down a-ketonic acids 
to aldehyde and carbon dioxide. Enzymes of this type have been called 
desmolases. A third group of plant enzymes of great importance arc con- 
cerned in oxidations and reductions in the plant. These are. now generally 
referred to collectively as oxidizing enzymes. Many so-called enzymes it 
is impossible to classify in one of these groups as they are undoubtedly 
mixtures of enzymes; among such, zymase is a notable example. Other 
enzymes do not fall into any of them, as, for example, catalase, which 
catalyses the splitting of hydrogen peroxide into water and molecular 
oxygen. 

Of the hydrolytic enzymes a number act on complex carbohydrates, 
breaking them down to simple carbohydrates, generally sugars; these can- 
be grouped together as carbohydrases. Other hydrolytic enzymes, the 
glycosidases, break down glycosides into the constituent sugar and the 
other component or components of the glycoside. Yet other hydrolases 
break down fats and other esters into their constituent acid and alcohol, 
while others, the proteases, bring about the hydrolysis of proteins. 

Zymase has been regarded as the most definite example of a des- 
molase, splitting up hexose into alcohol and carbon dioxide, but it is now 
recognized that zymase is a mixture of a number of enzymes which fall 
into different groups, one certainly being a desmolase, but others belong- 
ing respectively to the categories of hydrolases and oxidizing enzymes. 

The oxidizing enzymes are perhaps the most difficult to classify. It 
is now generally accepted that oxidation may be effected by either the 
direct addition of oxygen to, or by the removal of hydrogen from, the 
molecule. In the system adopted here oxidizing enzymes arc grouped into 
(1) oxidases, those which effect oxidation of a substrate with molecular 
oxygen, (2) peroxidases, those in which the oxygen is provided by 
hydrogen peroxide, and (3) dehydrogenases, those in which hydrogen is 
removed from the substrate by some other substance which is itself 
thereby reduced. 

The system of classification outlined above is only to be regarded as 
temporary. No doubt as more is discovered about the composition of 
enzymes and their mode of action a generally acceptable system of 
classification will be evolved. / 

Hydrolytic Enzymes 

In Table XXIX are recorded the more important hydrolytic enzymes 
found in plants, with the substrate on which they act, and the products 
of the respective actions. It must be recognized that often the so-called 
enzyme is actually a mixture of enzymes or represents a group of related 
enzymes. 
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Table XXIX 

Plant Hydrolytic Enzymes 


Enzyme 

Substrate 

Amylases 

Starch 

Maltase 

Maltose 

Invertase (Sucrase) 

Sucrose 

Cellulase 

Cellulose 

Cellobiase 

Cellobiose 


fHemicelluloses 

Cytase (Hemicellulase) 

1 Mannans 
] Galactans 
(^Pentosans 

Inulase 

Inulin 

Pectinase 

Pectin 

a-glycosidase (Maltase) 
l-glyeosidase (Emulsin) 

a-glycosides 

/9-glycosides 

(Amygdalase -f Prunase) 

Sinigrinase (Myrosin) 

Sinigrin 

Esterases 

Esters 

Tannasc 

Tannin 

Phosphatase 

Proteases, including 

Hexose phosphates 

Pepsin 

Trypsin 

Proteins 

Proteins 

Erepsin 

Peptones, peptides 

Urease 

Urea 


Products 
-f- Maltose 



Dextrin 
Glucose 
Glucose 
Cellobi^ 

Glucose 
Glucose and other mono- 
saccharides 


Fructose 

Galacturonic acid 
Glucose + other products 

Glucose + other products 
Glucose + KHS0 4 + Allyl 
thiocyanate 
Acid + Glycerol 
Glucose ~h Gallic acid 
Hexose -f Phosphate 

Albumoses -f Peptones 
Peptides -f- Amino-acids 
Amino-acids 

Ammonia + Carbon dioxide 


Diasiatic Enzymes 

As mentioned earlier, a principle that would convert starch into sugar 
was obtained from germinating barley by Dubrunfaut and from germinat- 
ing wheat by de Saussure, both in 1833. The name diastase was given to 
the principle by the former worker and for long was retained as the name 
for the enzyme, or rather group of enzymes, bringing about the conver- 
sion of starch into glucose. Subsequently diastase has been found in a 
wide range of plant organs, notably in seeds containing starch and in 
starch- forming leaves, but also in other plant material, including various 
Algae, Fungi and Bacteria. The complete breaking down of starch into 
glucose is now recognized as involving at least two stages, the disac- 
charide maltose and more complex derivatives of starch, dextrins, being 
produced by the action of diastase proper, or amylase, while the glucose 
results from the action of the enzyme maltase on the maltose formed by 
amylase action. Moreover, as well as enzymes of the amylase type, a 
second group of enzymes, phosphorylases, have also been recognized as 
capable of breaking down starch. 

Two kinds of amylase have been recognized, sometimes called the 
dextrinogenic and saccharogenic components respectively. The former 
produces dextrin but comparatively little sugar, while the latter pro- 
duces maltose rapidly. With the action of the former the blue colour 
given by starch with iodine soon disappears; with the latter it remains 
much longer. These two kinds of enzymes are known as a-amylase and 
l-amylase respectively. Whether the amylases from different material 
are different or not, that is, whether there are a number of different 
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oc-amyl&ses and /5-amylases, is not yet clear, but it is evident that the 
different behaviour of amylases from different sources can be due, in 
part at least, to different proportions of a-amylase and /5-amylase. Thus, 
the amylase obtained from the fungus Aspergillus oryzae , the enzyme 
generally known as taka-diastase, has a much greater power of liquefying 
starch than presumably equally pure preparations of malt amylase, 
while the latter have a greater power of producing maltose. This differ- 
ence in behaviour might possibly be attributable to the fungus diastase 
containing a relatively higher proportion of a-amylase than is contained 
in the amylase prepared from malt. 

Germinated barley contains both kinds of amylase, but in the un- 
germinated grain only /5-amylase is recognizable. It has also been sug- 
gested that the liquefaction of starch may be due to a third amylase 
distinct from either a- or /5-amylase. 

The enzyme /5-amylase has now been prepared in crystalline form. ' 

The amylases, or, at any rate, /5-amylases, bring about the degrada- 
tion of starch with addition of water and are thus hydrolytic enzymes. 
The other enzyme or group of enzymes which break down starch, the 
phosphorylases, split the molecule, not with addition of water, but with 
the addition of phosphoric acid. The> attack starch and other polysac- 
charides in presence of inorganic phosphate, the end product being not 
maltose but a compound of glucose and phosphoric acid, glucose- 1- 
phosphate (see p. 121). 

To appreciate the action of the diastatic enzymes it is necessary first 
to consider the nature of their substrate starch. It has for long been 
known that the starch molecule could be represented by the formula 
(C § H 10 O 5 ) n and that when acted upon by acids it yielded the hexose 
sugar glucose with the empirical formula of C 6 II 12 0 6 . It thus appears 
that the starch molecule is built up of glucose molecules, the linking up 
of the glucose units involving the elimination of the elements of a water 
molecule for each glucose unit. A number of different structural formulae 
have been proposed in the past for the glucose molecule, but the views 
of Haworth on this are now generally accepted. His researches showed 
that the glucose molecule can be represented as a six atom ring compris- 
ing five carbon atoms and one oxygen atom, the sixth carbon atom being 
attached to one of the other carbon atoms and forming part of a -CH fc OH 
group. The sugar exists in two stereoisomeric forms, a and /5, which can 
be represented by the formulae: 
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It is convenient to number the individual carbon atoms in the mole- 
cule thus: 



OH 

I 

(1) CH 

(2) CHOH 
(8)i:HOH O 

(4) CHOH 

(5) !:h 

(6) CH,OH 


Derivatives of glucose exist, however, the molecular constitution of 
which suggests that they are derived from a form of glucose with a five- 
atom ring: 

CHOH 

hcohT^o 

HCOH C— CHOH 

H CH,OH 


This form is called y-glucose. It does not have an independent exist- 
ence, but is to be regarded as a labile or active form into which the stable 
forms of the sugar are converted under certain conditions. The stable 
and labile forms of glucose are also known respectively as pyranose and 
furanose forms as they can be regarded as derivates of pyran and furan 
respectively: 


O 

CH ^CH 


CH CH 

\< 

pyran 


• O 

CH ^CH 


CH CH 


furan 


Similar conditions hold with regard to other sugars, including fruc- 
tose, which, like glucose, is of wide distribution in the plant kingdom. 
Here again, although the active y-sugar is not found free, it is in this 
form that it enters into combination in such important products as cane 
sugar and inulin. 

It has for long been suspected that starch is not a single substance but 
contains at least two components. As long ago as 1858 Nageli separated 
two substances from starch grains which he called granulose and starch 
cellulose, the former being digested by hydrochloric acid and saliva and 
staining blue with iodine, the latter being resistant to such digestion and 
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giving a reddish colour with iodine. Von Mohl emphasized that the so- 
called starch cellulose was not actually cellulose and he called it farinose. 
Later A. Meyer, in 1886, distinguished the two components of starch as 
a-amylose and /9-amylose, the former being equivalent to starch cellulose 
or farinose, the latter to granulose. From the later work of Maquenne and 
Roux it would appear that the determination of the components of starch 
had been complicated by the presence of its degradation products, but 
they decided nevertheless that starch grains do contain two constituents 
which they called amylosc and amylopectin, natural starch consisting of 
about 80 to 85 per cent, of the former and 15 to 20 per cent, of the latter. 
Amylopectin differed from amylose in not yielding any sugar when 
digested with malt extract, and in not going into solution when heated 
with salt solutions. 

The most recent work, carried out during the last few years by a 
number of investigators, particularly by K. H. Meyer, Haworth, Hirs't 
and their collaborators, has definitely established the presence of two 
components of starch which can be readily separated by chemical means. 
For these two components the names proposed by Maquenne and Roux 
have been adopted, although it would appear that the substances now 
denoted by amylose and amylopectin are not necessarily identical with 
those to which the names were originally given. Thus, of the two, amylo- 
pectin forms the greater part of potato starch comprising about 80 per 
cent, of the whole; in wrinkled peas (var. Steadfast) Peat, Bourne and 
Nicholls found that amylopectin accounted for only 2 per cent, of the 
whole starch, whereas in smooth peas (vars. Early Bird and Pilot) about 
66 per cent, of the starch was found to be amylopectin. The difference in 
the staining of the two components, however, is similar to that observed 
nearly 90 years ago by Nageli; amylose stains an intense blue with iodine 
while amylopectin gives a reddish coloration. The two components also 
differ in regard to the effect of the enzyme ^-amylase. Whereas amylose 
is completely broken down to maltose by the action of this enzyme, the 
amylopectin yields a mixture of maltose and a dextrin resistant to the 
action of the enzyme. 

The different properties of the two components of starch are, of 
course, related to the structure of their molecules. 

Our knowledge of this structure is very largely due to the researches 
of Haworth, Hirst and their associates. The amylose molecule consists 
of a straight chain of a-glucose anhydride groups linked up thus: 
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It is thus, in effect, a chain of maltose groupings, and when attacked 
by /?-amylase it is completely hydrolysed to maltose, the maltose units 
being split off progressively from the ends of the chains. 


CH 2 OII CHjOH 



The amylose molecule may contain from 200 to 350 glucose units in 
the chain. 

The amylopectin molecule is more complicated. Not only is it much 
larger, consisting of 2000 or more glucose units, but the chains are much 
branched. In the straight chain of the amylose molecule the linkage of one 
glucose unit to the next is through an oxygen atom connecting the first 
carbon atom of one unit to the fourth carbon atom of the next (see p. 117). 


(6)CH.OII (G)CII.OH 



The arrangement in the molecule of amylopectin differs from this in 
that there occur units which are joined to three units instead of only two, 
the third unit being attached by its own first carbon atom through an 
oxygen atom to the sixth carbon atom thus : 

(G)CHjOH 
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The amylopectin molecule thus contains a number of side chains each 
built up in the same way as the amylose molecule but containing a 
relatively small number of units. When amylopectin is acted upon by 
/9-amylose the end chains are hydrolysed to maltose in the same way as 
amylose, but the process stops when a unit forming a branch point is 
reached. The action of /9-amylase on amylopectin is thus to produce a 
mixture of maltose and a degradation product designated as dextrin A, 
the molecule of which is built up of branched chains, each branch con- 
taining about 11 glucose units. Maltose and dextrin A are produced in 
about equal quantities. Further degradation of dextrin A is achieved by 
bringing it for a short time into contact with a-amylase. Whereas 
/9-amylase splits off maltose units progressively from the ends of the 
branch chains, a-amylase appears to bring about a fission of a chain 
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F io. 18. — Scheme to illustrate the mode of degradation of amylopectin by the alternating 
action of /3-amylase and a-amylase. It is only one of many ways of illustrating the mode ot 
scission of the 1, 4-glycosidic linkages by the two enzymes. The composition of the inter* 
mediate dextrins as shown in the scheme may be regarded as average 

(From a private communication to the author from Profetaor S. Peat) 
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between two branch points. The extent of this process of fission depends 
on how long a-amylolysis is allowed to continue. When this sensitized 
dextrin A is acted upon by jS-amylase end chains are hydrolysed to 
maltose and a residual dextrin B is produced. Successive repetitions of 
the alternate treatment with a-amylase and ^-amylase lead to the suc- 
cessive production of dextrins B, C and D containing say, 7-8, 5-6 and 
4-5 glucose units respectively. This course of the degradation of amylo- 
pectin by amylases is clearly shown in Fig. 13. 

The course of events in the plant when starch is broken down by 
amylase action would thus appear to be as follows. The starch grain is 
first acted upon by a-amylase which results in its liquefaction. The 
amylose component is then acted upon by /9-amylasc with the formation 
of maltose, while the amylopectin, as a result of the combined action of 
a-amylase and /?-amylase is broken down to maltose and dextrins of 
comparatively low molecular weight. It is said that a little glucose is 
constantly found in the final product of amylase action on starch. The 
greater part of the glucose produced in the plant from starch is, however, 
no doubt due to the action of maltase on the maltose produced by 
amylase action. 

It may be noted that glycogen, the polysaccharide which occurs not 
only in animal cells but in yeast, has a similar molecular structure to 
that of amylopectin, differing from the latter in possessing shorter chain 
units but many more branching points, so that it has a larger molecule 
with a molecular weight estimated at between one and two millions. 


The Enzymic Synthesis of Starch 


It has already been mentioned that two kinds of enzymes are known 
to act upon starch, namely amylases and phosphorylases, the latter, in 
presence of phosphate, bringing about the production of glucose-1- 
phosphate: 



O— PO(OH) t 
CII 


CHOH 

djHOH 

^HOH 

Ah- 


CH,i 


O 


OH 


Now in 1988 Schaffner and Specht reported that glucose-l-phosphate in 
presence of phosphorylasc from yeast gave rise to inorganic phosphate 
and a substance apparently glycogen, thus suggesting the synthesis of 
the latter substance from glucose-l-phosphate. Later similar results were 
recorded by other workers for the action of phosphorylase from animal 
tissues. In 1940 Hanes succeeded in synthesizing a substance resembling 
the amylose component of starch from glucose-l-phosphate by means 
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of phosphorylase obtained from pea seeds and potato tubers. The phos- 
phorylase from potato was free from amylase and chemical and physical 
tests showed that the product, which gave a deep blue colour with iodine, 
had the same molecular constitution as natural amylose, being composed 
of straight chains of about 100 glucose units. The action of phosphorylase 
is thus reversible. 

More recently the synthesis of the major component of starch, amylo- 
pectin, has been achieved by Bourne and Peat. Ilanes had obtained a 
preparation of phosphorylase free from amylases by the fractional pre- 
cipitation of potato juice by solutions of ammonium sulphate of pro- 
gressively increasing concentration. The first precipitated fraction was 
considered by Hanes to contain the amylases and to be free from phos- 
phorylase; in this fraction Bourne and Peat detected an enzyme, different 
from amylase or phosphorylase, which they called the Q-enzyme in dis- 
tinction to phosphorylase or P-enzyme. Purified preparations of both the 
P-enzymc and Q-enzyme were isolated from potato juice. Whereas the 
P-enzyme alone brings about the formation of amylose from glucose-1- 
phosphate, a mixture of the two enzymes effects the production of amylo- 
pectin, the major constituent of starch. The Q-enzyme also attacks 
amylose, but in a quite different way from either phosphorylase or 
amylases since neither sugars nor reducing dextrins are produced by its 
action. The only product appears to be a polysaccharide giving a reddish 
coloration with iodine and which indeed appears very probably to be 
amylopectin. Bourne, Maccy and Peat suggest that this transformation 
of amylose to amylopectin by the action of the Q-enzyme takes place in 
two stages. The first is the breaking up of the amylose molecule of 200 or 
so glucose units into short chains of about 20 glucose units, the name 
pseudoamylose being given to the hypothetical polysaccharide possessing 
this constitution. The second stage consists of the lateral combination of 
the pseudoamylose chains to form amylopectin. 

The following scheme is proposed by Bourne and Peat to indicate 
how the synthesis of whole starch from glucosc-1 -phosphate is brought 
about by the agency of the phosphorylase and the Q-enzyme: 


GLUCOSE-1 -PHOSPHATE 


t 

i 
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! Y 


by phosphorylase 
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Maltose 

Maltase is probably widely distributed through the plant kingdom, 
but its investigation has not been easy as it is not readily extracted by 
water from plant tissues, while it is sensitive both to temperature and 
certain antiseptics. The optimum temperature for its action is about 
40° C., while it is destroyed at temperatures a little above 50° C. It is 
also destroyed by chloroform and alcohol. Its presence has, however, been 
demonstrated in barley, various leaves including those of Tropaeolum, 
Dahlia, sunflower and mangold, and certain fungi and bacteria, and it 
is reasonable to suppose that it is present in all starch-containing plants. 

Invertase 

This enzyme brings about the hydrolysis of sucrose into glucose and 
fructose according to the equation: 

C 1 ,H, a O n + H,0 - C,H 12 0, + C,H„0, 

sucrose glucose fructose 

This is the change known as inversion of cane sugar, whence the older 
name invertase given to this enzyme by its discoverer Berthelot in 1860. 
It is now frequently termed sucrase or saccharase to emphasize the 
nature of the substrate on which it acts. It is more resistant to heat than 
maltase, the optimal temperature for its action being in the neighbour- 
hood of 52° C., while it is not affected by alcohol at temperatures below 
80° C. As well as sucrose the enzyme also catalyses the hydrolysis of 
raflinosc and some other sugars containing /5-fructose. It has recently 
been claimed by Weidenhagen that invertase can also break down inulin, 
the condensation product of fructose occurring as a reserve in tubers of 
Dahlia and Jerusalem artichoke, although very slowly. 

Invertase is inactivated by heavy metals, aniline and various dyes. 

The presence of invertase has been demonstrated in many plant 
tissues, including leaves, stems, and other organs of higher plants, and 
various fungi, including yeasts and species of Aspergillus and Penicillium. 

Cellulose-destroying Enzymes 

The enzymes bringing about the decomposition of cellulose arc less 
known than the diastatic enzymes and invertase. They are more gener- 
ally considered as falling into two groups: (a) cellulases and cellobiases 
which between them break down true cellulose to glucose, and ( b ) cytases 
which hydrolyse hemicelluloscs such as mannans, galactans, pentosans 
and related substances. 

True cellulases have so far been found in very few organisms, these, 
among plants, being limited to only a few fungi and bacteria. Among the 
latter are thermophilic bacteria which contain both cellulase and cello- 
biase. The former breaks down the polysaccharide cellulose to the disac- 
charide cellobiose, while the cellobiase completes the breakdown to 
glucose. These actions may be represented by the equations: 

2(C 2 H| 0 O|)n + wH,0 =* nC tl H M O u 
cellulose cellobiose 

C„H ti O IX + H.O - 2C.H..O, 
gluoose 
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Cytases appear to be very much more widely distributed. They occur 
in many fungi and in the seeds of various plants such as the date palm 
and lupin in which so-called cellulose forms a food reserve. It seems very 
probable that the cytases comprise a number of distinct enzymes. 

Inulase 

An enzyme bringing about the hydrolysis of the polysaccharide inulin 
into fructose was first described in 1888 by Reynolds Green in sprouting 
tubers of the Jerusalem artichoke (Ilelianthus tuberosus), in which con- 
siderable reserves of inulin are stored. It has since been found to occur in 
many monocotyledons as well as in yeasts and a number of other fungi, 
and in bacteria. The active enzyme does not appear to be present in 
resting tubers of the Jerusalem artichoke but develops when these sprout; 
it is therefore said to be present in the resting tuber as a zymogen, that 
is, in a form capable of changing into, or giving rise to, the active enzyme 
under certain conditions. Since inulin is a condensation product of 
/^-fructose inulase can be regarded, like invertase, as a /3-fructosidase. 

Enzymes Acting on Pectic Substances 

The composition of the pectic substances, which form an essential 
constituent of plant cell-walls, was for long in doubt. They appear to be 
constructed on a basis of pectic acid which was until recently thought 
to be a substance built up of a pentose sugar arabinose, a hexose sugar 
galactose and an oxidation product of the latter, galacturonic acid. Thus 
Nanji, Paton and Ling thought the pectic acid molecule consisted of a 
closed ring of one arabinose unit, one galactose unit and four galacturonic 
acid units. Later it was suggested that the pectic acid molecule con- 
sisted of a long chain of galactose units some of which arc modified to 
galacturonic acid or arabinose units by oxidation or removal of the 
— CH,OH groups. This would account for the variation in the relative 
proportions of arabinose, galactose and galacturonic acid which has been 
observed by more than one observer. However, according to the latest 
work the pectic acid molecule consists of a chain of galacturonic acid 
units, and the arabinose and galactose do not form part of the molecule 
of pectic acid, although associated with pectic substances in the plant, 
apparently in the form of polysaccharide condensation products araban 
and galactan, the molecules of which are probably chains of arabinose 
and galactose units. Pectic acid is insoluble in water and so are the alka- 
line earth pectates; the salts of pectic acid with the alkali metals are, 
however, soluble in water. On addition of acid to solutions of alkali 
pectates the free pectic acid separates as a gel. 

The greater part of the pectic substances of plants, including that in 
the cell-wall and cell-sap, are probably methyl esters of pectic acid. They 
may be distinguished as soluble pectins or simply pectins. Other deriva- 
tives of pectic acid are insoluble. The constitution of these insoluble 
pectins, pectoses or protopectin is in doubt; it has been suggested that they 
are compounds of pectic esters with cellulose or that they simply differ 
from soluble pectin in that their molecules consist of longer chains. 
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While the chemistry of pectic substances cannot be regarded as by 
any means settled, we may thus provisionally consider pectic substances 
in plants to fall into the following categories: (1) salts of pectic acid (pec- 
tates), (2) methyl esters of pectic acid (soluble pectin), (3) insoluble pectin 
(pectose or protopectin). Free pectic acid is said not to occur in plants. 

There is evidence that at least three different enzymes are concerned in 
the breaking down of pectic substances. These are ( 1 ) pectosinase or proto- 
pectinase, which acts on pectose, converting it into soluble pectin, (2) 
pectase, pectin demethoxylase or pectin esterase, which hydrolyses soluble 
pectin to pectic acid and methyl alcohol, and (3) pectinase or pectin- 
polygalacturonase, which hydrolyses pectic substances to galacturonic 
acid. It has been usual to regard pectase as a ‘clotting’ enzyme, because 
it brings about the production of the pectic acid in the form of a gel or 
gelatinous precipitate, but if the view of its action given here is correct, 
it would appear actually to be a hydrolytic enzyme. In the breaking down 
of cell-walls in the plant, either in the normal course of the life of the 
individual, or as a result of fungal attacks, it seems probable that pectin- 
destroying enzymes play a much more important part than enzymes 
attacking cellulose. Pectinase is also present in a number of bacteria, as 
for instance Bacillus carotovorus, the organism responsible for the soft rot 
of carrots. The presence of pectin-destroying enzymes in various micro- 
organisms is made use of in the process known as retting of flax, in which 
the fibres of the flax arc disintegrated by removal of the pectin through the 
agency of the pectin-destroying enzymes in various bacteria and fungi. 

The pectic enzymes are widely distributed, not only in fungi and 
bacteria, but also in higher plants. Among tissues in which pectase has 
been found are carrot root, potato tubers, clover, lucerne and maize, 
while pectinase can be prepared, not only from various fruits and storage 
organs, but from the fungus Rhizopus tritici. 

Glycosidases 

The glycosides are compounds of glucose with other substances includ- 
ing alcohols, aldehydes, phenols and many other substances, the conden- 
sation of the glucose and other molecule taking place through a hydroxyl 
group. Thus a-glucose with methyl alcohol yields a-methyl glycoside: 




a-glucose 


+ CH 3 OH - 




a-methyl glucoside 
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Similarly, /3-glucose yields /3-methyl glycoside. Other sugars may form 
similar combinations; thus we have, for example, galactosides, pento- 
sides and so on. 

Where the sugar molecule condenses with another sugar molecule, 
either of the same, or of different kind, a disaccharidc results. Thus the 
disaccharides maltose, cellobiose and gentiobiose are all glycosides of 
glucose, while sucrose is a fructose glycoside. 

The glycosidases are the enzymes which break up the glycosides into 
their constituent sugar and other substance. The best known are emulsin 
and myrosin. The former breaks down amygdalin, a glycoside occurring 
in almonds, plum-stone kernels and elsewhere, into its constituents, glu- 
cose, benzaldehyde and hydrocyanic acid. It is undoubtedly a mixture 
involving certainly two, and possibly three, distinct enzymes. The first 
stage in the degradation of amygdalin is brought about by the enzyme 
amygdalase which splits off a molecule of glucose leaving as a residue the 
glycoside prunasin: 


C,H s .CH(CN).O.C,H 10 O 4 .O.C,H n O 5 + H a O 
amygdalin 


C,H 6 .CH(CN)O.C,H u O s + C,H lt O t 

prunasin 


The prunasin is now hydrolysed by means of prunase into glucose and 
mandelonitrile : 


C,H i .CH(CN)O.C,H 11 0 5 + H a O = C,II s .CHOH.CN + C,H 12 0, 

mandelonitrile 

The mandelonitrile is next converted into benzaldehyde and hydrocyanic 
acid, probably by the action of a third enzyme, oxynitrilase: 

C,H,.CHOH.CN = C,H b .CHO + HCN 

The last enzyme, it will be observed, is not actually a glycosidase, 
although it may be regarded as forming part of the emulsin complex. 

Myrosin, myrosinase or sinigrinase occurs in mustard and many Cruci- 
ferae, especially in the seeds, as well as in some plants belonging to other 
families. It brings about the hydrolysis of the glycoside sinigrin to glu- 
cose, potassium hydrogen sulphate and allyl thiocyanate (oil of mustard): 
C 10 H u O,NS,K + H a O = C.HuO, + C s H s NCS + KHS0 4 
The glycosidases can be grouped into a-glycosidases and /3-glyco- 
sidases according to the glycosides they hydrolyse are derived from 
a-glucose or /3-glucose. Under this classification emulsin is a mixture of 
/3-glycosidases, while maltase can be regarded as an a-glycosidase. 


Esterases 

The esterases form a group of enzymes which catalyse the hydro- 
lysis of esters into their constituent alcohol and acid. They include 
lipases which act on true fats, converting them into fatty acid and 
glycerol, and butyrases which break down esters of lower fatty acids, as, 
for example, ethyl butyrate. The enzyme pectase (p. 125) can properly 
be regarded as an esterase since it effects the hydrolysis of pectin, 
the methyl ester of pectic acid, into pectic acid and methyl alcohol. 
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Allied to the esterases are the phosphatases which catalyse the break- 
down of hexosephosphates and other phosphorus-containing compounds. 
Preparations of lipase from most sources hydrolyse not only fats but also! 
lower esters; it appears, from the work of Falk, that such preparations 
contain two enzymes, a true lipase and an esterase, which can be! 
separated by their differential solubility in water and 1-5 N sodiumj 
chloride, the esterase being more soluble in the former and the lipase’ 
in the latter. Much work, however, remains to be done to establish* 
definitely the specificity of the lipases and esterases. \ 

Since the seeds of approximately 80 per cent, of the species of flower- > 
ing plants contain reserve food in the form of fat, it is to be expected that \ 
lipases arc widely distributed in seeds. Lipase was, in fact, first reported 
from germinating seeds of Ricinus communis by Reynolds Green in 1890. 
He found, however, that the active enzyme is not present in the resting 
seed, but that addition of acetic acid to the latter resulted in the produc- 
tion of the active enzyme, whence it is concluded that lipase is present in 
resting Ricinus seeds in the form of a zymogen which is activated in 
some way by the acid. In some resting seeds the active enzyme has 
been demonstrated. This is so with hemp, flax and rape, and a number 
of other seeds. Lipase has also been obtained from Pcnicillium and 
Aspergillus. The reversibility of lipase, or rather esterase, action is one 
of the easiest cases of reversibility of enzyme action to demonstrate. 
Further reference to this will be made later. 

Proteases 

Enzymes catalysing the hydrolysis of proteins were first recognized 
in the animal body, but they are also widely distributed throughout the 
plant kingdom, where three types of enzymes concerned in the breaking 
down of proteins have been recognized. To these the names pepsin, 
trypsin and erepsin were given. The pepsins of plants, like those of 
animals, effect the breaking down of the more complex proteins to the 
relatively simple peptones, albumoses and polypeptides; erepsins, or 
peptidases as they are now called, hydrolyse these simpler substances of 
protein character to amino-acids. The ‘vegetable trypsins’ were held to 
effect the breaking down of various plant proteins to amino-acids, so that 
the action of a vegetable trypsin would be equivalent to the combined 
action of a pepsin and an erepsin. 

The presence of proteolytic enzymes in seeds containing reserves of 
protein was established in 1874 by Gorup-Besancz, who demonstrated 
the presence in seeds of vetch, hemp, flax and barley, of an enzyme 
capable of converting fibrin, a complex protein, to peptone and therefore 
to be regarded as a pepsin. Subsequent investigators have found pro- 
teolytic enzymes, or, at any rate zymogens, present in many other seeds. 

In 1874 the presence of a proteolytic enzyme in the liquor found in the 
pitchers of Nepenthes was demonstrated by Hooker, and this enzyme 
was later shown by Gorup-Besanez to resemble a pepsin. 

In 1880 Wurtz described a proteolytic enzyme found in the fruit and 
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other parts of the papaw ( Carica papaya), and subsequent investigation 
has shown that this enzyme is capable of breaking up natural proteins 
to amino-acids. It was therefore regarded as a ‘vegetable trypsin’ and the 
name papain given to it. Later an enzyme of similar character was 
demonstrated in the fruit of the pineapple; to this enzyme was given the 
name bromelin. In the latex of the fig a third trypsin, cradein or Jicin, 
was discovered. 

In the early years of the present century a series of investigations on 
the proteases of plants was made by Vines. lie found that an erepsin is 
present in every plant, and practically every part of the plant, he 
examined, including such varied material as the pileus of Agaricus, the 
root of Dahlia, and germinating barley. 

Vines also investigated the vegetable trypsins and came to the 
conclusion that they are not single enzymes, but mixtures of pepsin 
and erepsin. Recent work, however, suggests that although the early, 
preparations of papain probably contained mixtures of enzymes the 
constituents did not correspond exactly with a pepsin and erepsin. Thus 
from the latex of Carica papaya Balls and his collaborators have pre- 
pared two enzymes in crystalline form; one with a molecular weight of 
about 27,000, which they regard as papain, resembles in its action the 
trypsin of the pancreas. It is activated by cyanide, sulphide and cysteine. 
The second enzyme isolated from Carica papaya latex they call chymo- 
papain. It is- also a proteolytic enzyme but differs in its solubility and 
other properties from papain. It appears to be responsible for the greater 
part of the proteolytic activity of Carica papaya latex. 

Papain was the first plant enzyme to be isolated as crystals, but in 
the same year that this was achieved Walti succeeded in isolating the 
enzyme ficin from the fig also in the crystalline condition. 

Urease 

An enzyme which hydrolyses urea has been known for a long time, 
but it is only during the present century that its wide distribution 
through the plant kingdom has been recognized. It occurs in many 
bacteria and fungi, and its presence has been demonstrated in various 
organs of a number of higher plants, notably in the seeds of the jack bean 
(Canavalia ensiformis) and soya bean ( Glycine hispida). Sumner, Hand 
and Holloway consider that the primary action of urease is probably to 
catalyse the hydrolysis of urea to ammonia and carbon dioxide: 

(NH*)*CO + H.O = 2NH* + CO* 

and if the medium is buffered at say pH 7 the final products are ammo- 
nium salts and carbonic acid, but in an unbuffered medium ammonium 
carbamate NH,.COONH 4 is the final product. 

Urease is inactivated by a large number of substances, including 
salts of heavy metals, formaldehyde, hydrogen peroxide, fluorides and 
borates. 

Urease was the first enzyme to be obtained in crystalline form. This 
was achieved by Sumner in 1926. It has been found to be a globulin. 
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Zymase 

The isolation from yeast of the enzyme capable of breaking down 
glucose into ethyl alcohol and carbon dioxide was first effected by 
Buchner in 1897. About 70 per cent, of the water was first pressed out 
of the yeast and the residue then ground up with a mixture of quartz 
sand and kieselguhr. Such treatment breaks up the yeast cells and from 
the resulting mixture a juice containing the enzyme complex zymase 
can be pressed out. This juice contains, however, a number of other 
enzymes as well, including invertase, maltasc and protease. 

In the tissues of higher plants zymase was first shown to be present 
by Stoklasa and Czerny in 1903. It has subsequently been shown to occur 
in various moulds and bacteria as well as in yeasts. It is probably 
universally distributed throughout the plant kingdom. 

Zymase acts upon three sugars only, namely, d-glucose, d- mannose 
and d-fructose. Yeast and yeast juice will also break down sucrose as this 
is first hydrolysed into glucose and fructose by invertase contained in 
the yeast. Similarly, maltose is hydrolysed by the maltasc present in the 
yeast into glucose which is then broken down by the action of the zymase. 

Although for a time after its isolation zymase was regarded as a single 
enzyme it is now recognized as a mixture of enzymes, each one of which 
appears to be responsible for one particular stage in the breaking down 
of sugar into alcohol and carbon dioxide. There have now been extracted 
from yeast and other plants a large number of enzymes which must be 
regarded as forming part of the zymase complex. 

Reference has already been made to the fact that an active prepara- 
tion of zymase can be separated into three parts: (1) enzyme proper 
(zymase or apozymase) which is organic and colloidal, (2) co-enzyme 
(co-zymase) which is organic and crystalloidal, and (3) phosphate. As 
regards the r&le of phosphate Harden and Young had found that when 
glucose was fermented with yeast juice hexosephosphates were formed. 
Probably both hexose monophosphates and hexosediphosphate were pro- 
duced, it being suggested that the formation of the monophosphates 
preceded that of the diphosphate. An enzyme called hexosephosphatase 
or phosphatese was regarded as responsible for this synthesis. More recent 
work has, however, suggested that the hexosediphosphate does not arise 
from a direct reaction of hexose with inorganic phosphate, but from a 
phosphorylation of hexose by means of an organic phosphate, namely, 
adenosine triphosphate, the supply of which is maintained by esterifica- 
tion of inorganic phosphate at a later stage of the fermentation process. 
The question of the course of fermentation is discussed in the next 
chapter. 

As regards the co-enzyme constituent of the zymase complex there 
are at least two distinct co-enzymes concerned in zymase action. One of 
these, now termed co-zymase or co-enzyme I, has been isolated and 
found to be a complex substance built up of a molecule of adenine (a 
purine, see p. 808), a molecule of the amide of nicotinic acid, two mole- 
cules of a pentose sugar, d-ribose, and two molecules of phosphoric acid. 
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This substance, which is very widely distributed in plants, though in 
very small amount, acts as a co-enzyme to a considerable number of 
dehydrogenases including alcohol dehydrogenase and triosephosphate 
dehydrogenase, both of which occur in yeast and can be considered as 
constituents of the zymase complex. In the reactions in which co-enzyme 
1 is concerned the co-enzyme molecule receives two hydrogen atoms 
from the substrate which is thereby oxidized, while dihydrocoenzyme 1 
is formed. The reactions are generally reversible. It may be noted that 
another co-enzyme, known as co-enzyme 2, very similar in constitution 
to co-enzyme 1, but containing three molecules of phosphoric acid 
instead of two, is also widely distributed in living tissues, and also acts 
as co-enzyme to a number of dehydrogenases. 

A second co-enzyme concerned in zymase action is co-carboxylase 
which, as its name implies, is the co-enzyme to carboxylase, the action 
of which is described below. Co-carboxylase is the pyrophosphate of 
ancurin, thiamine or vitamin B t . 

Enzymes which appear to play a part in the breakdown of sugar to 
alcohol and carbon dioxide, the breakdown originally ascribed to zymase, 
include hexokinase, phosphohexoisomcrasc, .aldolase, isomcrase, triose- 
phosphate dehydrogenase, phosphoglyceromutase, enolase, carboxy- 
lase, aldehyde mutase and alcohol dehydrogenase. These enzymes, and 
perhaps others as well, are respectively concerned in different stages in 
the breakdown of sugar. They are of various kinds, some, like hexokinase 
and isomerase are concerned in changes in organic phosphorus com- 
pounds, others are dehydrogenases, while aldolase and carboxylase are 
desmolases, that is, they break down a linkage between carbon atoms. 

Hexokinase. It has been mentioned above that hexosephosphate 
probably arises in the fermentation process by the phosphorylation of 
hexose by means of adenosine triphosphate. The enzyme hexokinase or 
heterophosphatesc, present in yeast, catalyses this reaction, the products 
being adenosine diphosphate and a hexose monophosphate, as for 
example, glucose-6-phosphate. 

Phosphohexoisomerase. This enzyme, which has been recognized in 
yeast and some higher plants, in presence of glucose-6-phosphate or 
fructose-6-phosphate catalyses the change of one of these into the other 
to produce an equilibrated mixture of the two. Thus, starting from 
glucose, fructose-6-phosphate can be formed, and from this fructose-1, 
6-diphosphate by an action which is not yet completely understood but 
which is known to require adenosine triphosphate. 

Aldolase. The action of aldolase or zymohexase is to break down the 
six-carbon atom molecule of fructose-1, 6-diphosphate to two three- 
carbon atom molecules, one of dihydroxyacetone phosphate and one of 
phosphoglyceric aldehyde: 

C.H 10 O 4 (PO 4 H 2 ), » CH,(P0 4 H 1 ).C0.CH 1 0H 
+ CH,(P0 4 H 1 ).CHOH.CHO 

Isomerase. The products of aldolase action, dihydroxyacetone phos- 
phate and phosphoglyceric aldehyde, are converted one into the other by 
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the enzyme isomerase so that an equilibrated mixture of the two results. 
Most of the mixture consists of dihydroxyacetone phosphate. 

Triosephosphate dehydrogenase . As already mentioned this enzyme 
requires co-zymase (co-cnzyme 1) for its action, which is the oxidation of 
phosphoglyceric aldehyde to phosphoglyceric acid. The action appears 
to be a complex one, since both inorganic phosphate and adenosine 
diphosphate are necessary. It has been suggested that the action takes 
place in three stages: first the production of diphosphoglyceric aldehyde 
from phosphoglyceric aldehyde and inorganic phosphate; next the with- 
drawal of hydrogen from the diphosphoglyceric aldehyde by co-enzyme 1 
to produce diphosphoglyceric acid and dihydrocoenzyme 1, and finally 
a reaction between diphosphoglyceric acid and adenosine diphosphate 
to give phosphoglyceric acid and adenosine triphosphate. Triosephos- 
phate dehydrogenase was prepared in crystalline form by Warburg and 
Christian in 1939. 

Phosphoglyceromutase. This enzyme, which occurs in yeast, effects 
the transference of the phosphoric acid group in phosphoglyceric acid 
within the molecule so that 2-phosphoglyceric acid is produced from 
3-phosphoglyceric acid thus: 

CH 2 (II 2 P0 4 ) ch 2 oh 

CHOH -> CH(H 1 P0 4 ) 

• • 

COOII COOH 

Enolase . The 2-phosphoglyceric acid is converted, by withdrawal of 
the elements of water, into phosphopyruvic acid by means of the action 
of enolase: 

CH.OH CH. 

II 

CH(H s P 0 4 ) C(H 2 P0 4 ) -f h 2 o 

coon cooh 

Fluoride inhibits the action of this enzyme. 

Carboxylase . It has been shown that the phosphate group of phos- 
phopyruvic acid can be transferred to adenylic acid with the production 
of pyruvic acid and adenosine- triphosphate. For many years now pyruvic 
acid has been recognized as an intermediate in sugar breakdown, and 
the enzyme carboxylase as responsible for breaking down pyruvic acid 
to acetaldehyde and carbon dioxide. That such an enzyme was present 
in yeast was shown by Neuberg and Karcz$g in 1911, but it was not 
until 1932 that Auhagen showed that the system included a co-enzyme 
co-carboxylase. Carboxylase acts on certain a-ketonic acids, that is, acids 
with the general formula ll.CO.COOH. In the plant the function of 
carboxylase appears to be the breaking down of pyruvic acid, but oc-keto- 
butyric and oc-ketovaleric acids are similarly broken down to carbon 
dioxide and the corresponding aldehyde: 

CH # .CO.COOH - CH s .CHO + CO t 

pyruvic acid acetaldehyde 

CA.CO.COOH = CjHj.CHO + CO* 

«4cetobutyric acid propionaldehyde 

C,H,.CO.COOH = C,H 4 .CHO + CO, 

a-lcetovalerio Mid butyraldehyde 
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The decarboxylation of oxalacetic acid, brought about by an enzyme in 
Micrococcus lysodeikticus , appears to be due to a different carboxylase 
since this does not require co-carboxylase for its action: 

COOH.CH,. CO. COOH = CH,.CO.COOH + CO, 
oxalacetic acid pyruvic acid 

There is little doubt that carboxylase is widely distributed through- 
out the plant kingdom. Its presence was demonstrated by Zaleski and 
Marx in seeds of Pimm, sativum, Vida faba and Lupinus Intern, by 
Bodnar in potatoes and beetroot, and by Dox and Neidig in fungi. 

Aldehydemutase. An enzyme bringing about the transmutation of 
aldehydes into the corresponding acid and alcohol or the ester resulting 
from the combination of these two, has been reported as present in 
yeast. It requires co-enzyme 1 for its action. Such mutase action would 
bring about the formation of acetic acid and ethyl alcohol from acet- 
aldehyde: 

CH3.CHO II, CH,.CH,OH 

+ + | = 4 - 

CII3.CHO O CH,.COOH 

A similar enzyme has been found in higher plants but this appears to be 
distinct from the aldehydemutase of yeast as it does not require co- 
enzyme 1 for its action. Aldehydemutase is inhibited by iodoacetate but 
not by cyanide. 

Alcohol dehydrogenase. This is an oxidising enzyme present in yeast 
and higher plants which, in presence of co-enzyme 1, effects the oxida- 
tion of ethyl alcohol to acetaldehyde, the co-enzyme being reduced. The 
action is reversible so that in high concentrations of acetaldehyde and in 
presence of the reduced co-enzyme some ethyl alcohol is formed from 
acetaldehyde. The enzyme from yeast has been obtained in crystalline 
form. Like aldehydemutase it is inhibited by iodoacetate but not by 
cyanide. 

Carbonic anhydrase. 

An enzyme catalysing the splitting off of carbon dioxide from car- 
bonic acid occurs in the erythocytes and gastric mucosa of mammals. 
This enzyme, carbonic anhydrase, thus catalyses the reaction 

H,co, = H.o + co, 

According to Neish this enzyme also occurs in plants. He recorded the 
presence of the enzyme both in the chloroplasts and other parts of the 
cells of the leaves of Trifolium pratense and Onoclea sensibilis. 

In 1940 Keilin and Mann found that, preparations of this enzyme 
which they considered to be practically pure contained about 0-38 per 
cent, of zinc, and they considered the enzyme to be a zinc-protein com- 
pound in which the protein in each molecule is combined with two atoms 
of zinc. The enzyme was subsequently obtained in crystalline form by 
D. A. Scott, who found his preparations contained 0*2 per cent, of zinc. 

Carbonic anhydrase is inhibited by cyanide, sulphide, azide, salts of 
heavy metals and carbon monoxide. 
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Oxidizing Enzymes 

The presence of a number of different oxidizing and reducing systems 
has been demonstrated in living cells. Not all of these systems involve 
enzymes as generally understood, but many of them are definitely 
enzymatic. Although a very great deal of research has been carried out in 
recent years with the object of elucidating the mechanism of oxidations 
and reductions in living cells, knowledge of oxidizing enzymes is still in 
a very confused state. Opinions differ radically as to the mechanism of 
vital oxidations, and no two authorities classify the oxidizing systems of 
living cells in the same way. 

Systematic work on oxidizing systems in plant cells was practically 
commenced by Bach and Chodat in the early years of the present cen- 
tury, and continued by them and their collaborators for many years. 

Bach himself thought that during oxidation in living cells the oxygen 
molecule is, in current terminology, ‘activated’ so that the molecule may 
be represented as — O — O — instead of O = O. This activation leads to 
the ready combination of the oxygen with substances to form peroxides, 
as, for example, hydrogen peroxide, 

H— O H v 

| or >0=0 
II— O IV 

in which part of the oxygen is readily given off to other substances. One 
essential feature of Bach’s view of oxidation is thus an activation of 
molecular oxygen. 

The more recent views of Warburg, put forward in 1921, also regard 
oxidation as involving an activation of oxygen. The activation is sup- 
posed to take place at a surface, and iron is supposed to be necessary. 
Oxidation is thus a case of catalysis at a surface. These views are largely 
based on the results of experiments with a ‘charcoal model’, certain 
oxidations which take place in the living cell being effected by adsorbing 
the substrate on charcoal in presence of air, provided that a trace, at 
least, of iron is present. 

The theory of oxidation put forward by Wieland in 1912 regards 
oxidation as consisting essentially in a removal of hydrogen from the 
molecule of the substance oxidized. Where oxidation actually involves 
the addition of oxygen to the molecule this is supposed to be brought 
about by the production of a hydrate by addition of water, hydrogen 
then being removed from the hydrate. Examples of oxidation on these 
lines are afforded by the oxidation of ethyl alcohol into acetaldehyde, 
and the latter into acetic acid. The first oxidation involves simply the 
removal of hydrogen from the molecule 

CH s .CH t OH = CH,CHO + 2H 

the second oxidation, involving the addition of oxygen, may be regarded 
as taking place through the intermediate hydrate stage thus: 
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CH,.C' 


/» / H 

{ + H,0 = CHj.C^-OH 

X) \OH 


CH, 



II 

OH = CHj.COOH + 2H 
OH 


According to Wieland, oxidization in living cells is due to the ‘activa- 
tion’ of hydrogen in the molecule oxidized. This activated hydrogen is 
readily removed or ‘accepted’ by certain substances which are thus at 
the same time reduced. The substance oxidized is thus a ‘hydrogen 
donator’ or ‘donor’, giving hydrogen to the substance thereby reduced, 
which is thus a hydrogen acceptor. 

On this view an oxidizing enzyme functions by bringing about an 
activation of hydrogen in the molecule of the substrate. For this reason 
Wieland called such enzymes dehydrases. There seems no doubt that 
enzymes capable of bringing about oxidation in this manner, that is, by 
effecting withdrawal of hydrogen, are present in many cells. Thus Thun- 
berg showed that frog’s muscle contains an enzyme which will bring 
about the oxidation by dehydrogenation of a number of substances if 
methylene blue is present. The latter acts as an acceptor of the activated 
hydrogen in the substrate molecule which is, owing to the removal of the 
hydrogen in this way, thereby oxidized, while the methylene blue is 
reduced to a leuco-compound. Enzymes apparently capable of acting in 
a similar way have been demonstrated in a variety of plant and animal 
cells. Indeed, most oxidizing enzymes are now regarded as acting in this 
way and they are generally known as dehydrogenases. 

Much information has been obtained in recent years on the oxidizing 
systems present in animal tissues and various attempts to classify de- 
hydrogenases have been made by workers on these systems. A recent 
classification by Bach, Dixon and Zerfas distinguishes three kinds of 
dehydrogenases: 

1. Dehydrogenases requiring a co-enzyme which acts as an interme- 
diate acceptor or carrier of hydrogen. Through the co-enzyme, acting in 
this way, hydrogen can be transferred to certain flavoproteins, cyto- 
chrome c and oxygen, but oxidation cannot be directly effected by these 
substances. 


2. Flavoproteins. These do not require a co-enzyme, the enzyme itself 
possessing an active (prosthetic) flavin group which acts as a hydrogen 
acceptor. With some enzymes of this class the active group can react 
directly with oxygen; these are called aerobic dehydrogenases, or aero- 
dehydrogenases. Other enzymes of the class, called diaphorases, require 
the mediation of a cytochrome system. 

8. Cytochrome-reducing dehydrogenases. These readily reduce cyto- 
chrome c. They also do not require a co-enzyme and readily reduce 
methylene blue directly. 

Cytochrome c, referred to in this system of classification, is one of a 
group of iron-containing compounds, widely distributed throughout 
plant and animal tissues, possessing definite oxidative properties. They 
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are thermo-stable and belong to the iron-porphyrin group of substances 
and are therefore related chemically to haemoglobin and chlorophyll. 
Keilin, to whom our knowledge of the cytochromes is largely due, dis- 
tinguished several members of the group. Of these cytochromes a and 
b are not stable, but cytochrome c is very stable. Although it is thermo- 
stable it resembles an enzyme in certain ways, and like many enzymes 
it consists of a protein group and an active group, in this instance hae- 
matin a derivative of haemoglobin containing iron. Cytochrome c exists 
in both an oxidized and reduced form, the iron in the former being in the 
ferric, and in the latter in the ferrous, state. As indicated in the classi- 
fication of dehydrogenases, it can take part in various oxidations and 
reductions, and it is supposed that it is concerned in the oxidations 
involved in the respiration process. 

In this classification enzymes which effect oxidation directly with 
molecular oxygen are included in the second group. Some writers, as for 
example Meldrum, distinguish between aerobic dehydrogenases which 
reduce substances such as methylene blue as well as oxygen, and those 
enzymes which effect oxidation by means of oxygen only and which are 
called oxidases. Thus the well known enzyme from animal sources known 
as xanthine oxidase catalyses the oxidation of hypoxanthine to uric acid 
not only by oxygen but also by methylene blue, and is thus a dehydro- 
genase, whereas glucose oxidase obtained from fungi oxidizes glucose to 
gluconic acid in presence of oxygen but not in presence of methylene blue 
or other substances; it is thus an oxidase . 1 This differentiation of oxidases 
from dehydrogenases is not universally adopted for Coulthard and his 
collaborators write of this last named enzyme as an aerodehydrogenase. 

The best known oxidizing enzymes of plants belong to the oxidases 
as defined above. As well as dehydrogenases two other enzymes con- 
cerned in oxidations are widespread in plants; these are peroxidase which 
catalyses oxidations by means of hydrogen peroxide, and catalase which 
catalyses the breakdown of hydrogen peroxide to water and oxygen. At 
first sight catalase would not appear to be an oxidizing enzyme, but 
recent work by Keilin and Hartree suggests that catalase may act along 
with oxidases in effecting the oxidation of various alcohols. 

Oxidizing enzymes in plants may thus be classified as follows: oxi- 
dases, peroxidases, dehydrogenases and catalase. 

Oxidases 

An oxidase is therefore to be regarded as an enzyme which catalyses 
the oxidation of a substance by means of molecular oxygen and by 
nothing else. The oxygen is reduced to hydrogen peroxide or water. Most 
of the oxidizing enzymes that have so far been recognized in plants are 
phenolases, that is, they catalyse the oxidation of derivatives of phenol. 

1 This enzyme appears to be different from an enzyme obtained from animal 
tissues which catalyses the oxidation of glucose in presence of oxygen. The latter 
enzyme also catalyses the oxidation of glucose by methylene blue and so comes 
into the category of aerodehydrogenases. 

10 
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The best known of the phenolases are catechol (or polyphenol) oxidase, 
tyrosinase or monophenol oxidase and cytochrome (or indophenol) oxi- 
dase. Other plant oxidases are ascorbic acid oxidase, glucose oxidase and 
perhaps dihydroxymaleic acid oxidase. 

Catechol oxidase. The term oxidase was first applied by Bach and 
Chodat to the enzymatic system present in many plants, both higher and 
lower, which brings about the production of a blue colour in a tincture of 
guaiacum gum. This colour is due to the formation of an oxidation pro- 
duct of guaiaconic acid, one of the constituents of the gum. Bach and 
Chodat regarded an oxidase as comprising two parts, (1) an oxygenase, 
which effects the formation of a peroxide with molecular oxygen and 
(2) a peroxidase, which, as we have seen, brings about oxidation by means of 
the oxygen of the peroxide. In the guaiacum reaction the guaiaconic acid 
acts as an acceptor of this oxygen, but in the plant cell other substances 
would act as oxygen acceptors and so become oxidized. 

In 1911 Miss Wheldale (later Mrs. Onslow) showed that all plants 
giving an oxidase action contain a substance or substances possessing the 
ortho-dihydroxy grouping 



OH 


of catechol. No species has so far been found which gives an oxidase 
action but which does not contain a catechol compound, while there are 
few, perhaps no, species which contain a catechol compound and no 
oxidase. 

Miss Wheldale also showed that catechol in solution undergoes 
autoxidation in air with formation of a peroxide. It thus appeared that 
if Bach's idea of the oxidase system were accepted, his oxygenase could 
be identified as a compound possessed of a catechol grouping. Subse- 
quently, however, Mrs. Onslow showed that the oxidation of the catechol 
compounds is catalysed by an enzyme, which she called oxygenase, and 
that the substances resulting from this oxidation would bring about the 
blueing of a tincture of guaiacum. 

The enzyme oxygenase therefore catalyses the oxidation of com- 
pounds with the catechol grouping by means of molecular oxygen. It 
may therefore be appropriately called ‘catechol oxidase’ or ‘polyphenol 
oxidase’. The actual reaction involved is, however, in doubt. On one view 
a catechol peroxide is first formed by addition of oxygen, the peroxide 
being then decomposed by water to give hydrogen peroxide and some 
other oxidation product of catechol: 

X + O, = XO, 

XO, + H,0 = XO + H t O, 

The alternative view supposes that an orthoquinone is formed by 
removal of hydrogen to form hydrogen peroxide with atmospheric 
oxygen: 
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JOH + O a 


OH 


/\ 


\Z° + H a°a 
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There is evidence that both hydrogen peroxide and orthoquinone 
are produced by the catechol oxidase action, but it is not certain whether 
the orthoquinone arises directly from the catechol as suggested by the 
second of the schemes given above, or whether it arises by the action on 
catechol of the enzyme peroxidase, from which oxygenase preparations 
are never completely free, in presence of the hydrogen peroxide produced 
by oxygenase action as suggested by the first of the above schemes. 

Mrs. Onslow has pointed out that products resulting from the oxida- 
tion of catechol, probably orthoquinone, can bring about secondary 
oxidations, such as the oxidation of monophenols to diphenols, and of 
other substances with monophenolic groupings to similar substances 
with diphenolic groupings. As examples we may cite the oxidation of 
p-cresol to homocatechol and of tyrosine to dihydroxyphenylalanine: 

ch 3 ch, 

/\ 


V 

OH 

p-cresol 

CHj.CHCNHjI.COOH 


OH 
tyrosine 


JOH 
OH 

homocatechol 

CHj.CHfNHjJ.COOH 

/\ 


\/ OH 

OH 

dihydroxyphenylalanine 


The monophenolic compounds so oxidized have the hydroxy group 
in the para or meta position: 



OH 

p-cresol m-creaol 


the result of the oxidation in either case is to produce a diphenol with 
two adjacent hydroxy groups: 


CH, 



OH 


homocatechol 

that is, with the catechol grouping. These can then be acted upon by 
the oxygenase itself. 
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According to Mrs. Onslow, during extraction of the catechol oxidase, 
some orthoquinone is formed which is absorbed by colloidal constituents 
present in the enzyme preparation, so that such preparations not only 
bring about the oxidation of compounds with the catechol groupings, 
but also effect the oxidation of monophenolic substances to the cor- 
responding diphenolic ones. 

The enzyme known as laccase also appears to be a polyphenol oxidase. 
Laccase occurs in the latex of the lacquer tree (Rhus vemicifera) and allied 
species. The fresh latex is white, but on exposure to air rapidly darkens, 
drying to the black substance with a shiny surface known as Chinese or 
Japanese lacquer. That this change is due to an enzyme was shown as 
long ago as 1883 by Yoshida. A preparation of the enzyme, or enzyme 
system, was subsequently obtained by Bertrand, who gave the name 
laccase to it. The substrate of laccase from Rhus succedanea is a poly- 
phenol known as uroshiol with the formula 

^Noh 

J°H 

while that from Rhus nucifera is laccol the next higher homologue of 
uroshiol. 

The blueing of the yellow-orange flesh of the frutifications of Boletus 
as a result of injury also appears to be due to the action of a polyphenol 
oxidase. 

The investigations of Kubowitz on catechol oxidase obtained from 
potato tuber and of Keilin and Mann on catechol oxidase from the culti- 
vated mushroom (Agaricus campestris) indicate that this enzyme is a 
protein compound containing not less than 0-80 per cent, of copper. 

The action of catechol oxidase and of other oxidases is inhibited by 
various substances such as cyanides, sulphides, azides and carbon 
monoxide. Light is without effect on the inhibition of the enzyme by 
carbon monoxide. 

Tyrosinase. The enzyme called tyrosinase or monophenol oxidase acts 
in a similar way to catechol oxidase but in addition effects the oxidation 
of monohydric phenolic substances such as tyrosine (see p. 297). An 
enzyme of this type was first isolated by Bertrand from Russula nigricans. 
The course of oxidation is characterized by definite colour changes: a 
pink colour is first produced which slowly darkens to red and then to 
black, insoluble black compounds being the final oxidation products. 

As well as in Russula and some higher fungi, tyrosinase has been 
found in a large number of flowering plants. Mrs. Onslow gives a list of 
21 higher plants which contain tyrosinase; these all also give the reaction 
for catechol oxidase. Comparatively few plants which give the catechol 
oxidase reaction do not give the reaction for tyrosinase. 

It has been usual to regard tyrosinase as a definite oxidizing enzyme, 
but Mrs. Onslow regards the tyrosinase reaction as intimately connected 
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with catechol oxidase, and suggests that the oxidation of tyrosine is 
brought about by ortho-benzoquinone which is formed by the action of 
catechol oxidase as already described. 

It has been noted that oxidases are regarded as effecting the with- 
drawal of hydrogen from the substrate and transferring it to molecular 
oxygen with the formation of hydrogen peroxide. However, from in- 
vestigations on the oxidation of catechol through the agency of tyrosinase 
from Agarieus campestris Wagreich and Nelson conclude that the oxida- 
tion product of catechol is not orthoquinone but hydroxyorthoquinone, 
water also being formed thus: 



on 


OH 

/\ 


V 

o 


o 


+ H,0 


If hydroxyorthoquinone should be the final product in the enzymic 
oxidation of catechol it does not rule out the possibility that the products 
of the oxidase action are orthoquinone and hydrogen peroxide and the 
production of hydroxyorthoquinone the result of a secondary reaction. 
The matter at present is far from being settled. 

Indophenol oxidase. This is a widely distributed oxidizing enzyme 
which does not blue guaiacum, but which oxidizes phenylenediamine, 
hydroquinonc, catechol and a number of other phenolic substances. It 
was shown by Keilin to be distinct from catechol oxidase which can only 
oxidize phenylenediamine in presence of a catechol compound. It is also 
called cytochrome oxidase because it oxidizes cytochrome; indeed, it is 
possible that the cytochromes are the only substances it oxidizes directly, 
the oxidized cytochrome then oxidizing the phenolic compound. As 
with catechol oxidase the action of the enzyme is inhibited by cyanide, 
sulphide, azide and carbon monoxide, but the inhibition of indophenol 
oxidase is removed on exposure to light. 

Ascorbic acid oxidase. Ascorbic acid, hexuronic acid or vitamin C is 
widety"d!stributed among plant tissues. An enzyme bringing about the 
oxidation of this substance was first found by Szent-Gyorgyi in 1931 in 
cabbage leaves and has since been found in a number of other plant 
tissues including those of various members of the Leguminosae, Cucur- 
bitaceae and Umbelliferae. So far, however, a number of plants have 
been found to contain ascorbic acid in which ascorbic acid oxidase has 
not been recognized. 

The action of ascorbic acid oxidase is to oxidize {-ascorbic acid to 
dehydroxyascorbic acid, a reaction which may be represented thus: 
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Ascorbic acid oxidase also catalyses the oxidation of a number of 
substances related to i-ascorbic acid such as Z-glucoascorbic acid and 
Z-galactoascorbic acid, and also, as shown by Snow and Zilva, of reductic 
acid and reductonc, compounds with the structure 


CO 

I 

C— OH 

II 

C — OH 

I 

H a C 

reductic acid 


CH, 


II— CO 
C— OH 
H — C — OH 


reductone 


Evidence has been produced by Lovett-Janison and Kelson and by 
Meiklejohn and Stewart that ascorbic acid oxidase from members of 
the Cucurbitaceae is, like catechol oxidase, a copper-protein compound 
in which copper forms, or forms part of, the prosthetic or active group. 

The action of ascorbic oxidase is inhibited by cyanide, but, according 
to James, is unaffected by azide and carbon monoxide. 

Glucose oxidase. An enzyme catalysing the oxidation of glucose to 
gluconic acid in presence of oxygen was obtained by Muller in 1925 from 
Aspergillus niger. More recently the same or a similar enzyme has been 
found in Penicillium notatum and P. resticulosum by Coulthard and 
others. The enzyme was called glucose oxidase by Muller and notatin 
by Coulthard and his collaborators. It catalyses the. reaction: 

glucose 4- H,0 + Oj — ► gluconic acid + H,O t 
Glucose oxidase is not inactivated by cyanides, sulphides or azides. 
Dihydroxymakic acid oxidase. In the juice of the root of horseradish 
Banga and Szent-Gydrgyi found an enzyme effecting the oxidation of 
dihydroxymaleic acid in air: 
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The enzyme was also found in a number of other plant tissues includ- 
ing Asparagus shoots and the leaves of Rumex acetosa. In a review of 
oxidase systems in the tissues of higher plants, however, Boswell and 
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Whiting express the view that the oxidation of dihydroxymaleic acid by 
potato tuber tissue is due to the action of another oxidation enzyme, 
peroxidase, and they regard the existence of a dihydroxymaleic acid 
oxidase as not proved. 

Peroxidase 

Peroxidase brings about the oxidation of a number of phenolic com- 
pounds in presence of hydrogen peroxide and possibly of certain other 
peroxides. Among the substances so oxidized are catechol, pyrogallol, 
cresols and guaiacum. The peroxidase can be regarded as catalysing 
the splitting of hydrogen peroxide into water and active oxygen, the 
latter then effecting the oxidation of the phenolic compound. 

Peroxidase is a very widely distributed enzyme in plants and may be 
universally present. Out of a large number of flowering plants examined 
by Mrs. Onslow only about 5 per cent, failed to give a peroxidase reaction. 

Pure preparations of peroxidase were obtained from horseradish by 
Willstatter and his co-workers who concluded that the pure enzyme was 
free from protein and sugar. Although their final product contained 
some iron, it was observed that during the various stages in the pre- 
paration of the purified enzyme the percentage of iron decreased, so they 
considered it doubtful whether, as had been supposed, iron formed part 
of the enzyme molecule or was essential for peroxidase action. However, 
more recent work by Kcilin and Mann and by Theorell indicates that 
peroxidase, like cytochrome, is an iron porphyrin compound. Theorell 
obtained two distinct peroxidases from horseradish, and succeeded in 
separating one of them into protein and haematin components. There 
appears to be some doubt regarding the degree of association of the two 
components, but it is largely immaterial whether the protein and haema- 
tin are respectively regarded as protein part and prosthetic group of an 
enzyme, or whether they are regarded as >apo-enzyme and co-enzyme. 

Dehydrogenases 

The essential characteristic of dehydrogenases is that they bring 
about oxidation by removal of hydrogen from the substance oxidized. 
This is usually expressed by stating that the enzyme activates the hy- 
drogen in the substrate molecule, or sometimes that it activates the 
substrate molecule itself. An acceptor is required for the hydrogen re- 
moved, the acceptor being thereby reduced; hence a reduction as well as 
an oxidation is involved, so that the enzymes concerned are sometimes 
called oxido-reductascs. 

One of the earliest enzymes of this type to be recognized was. the 
Schardinger enzyme of milk. This enzyme catalyses the oxidation of 
acetaldehyde in presence of methylene blue, the acetaldehyde being 
oxidized to acetic acid and the methylene blue being reduced to the leuco 
compound: 
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In recent years a number of dehydrogenases have been identified in 
plant tissues, the substances oxidized including ethyl alcohol, glucose 
and a number of organic acids such as formic, malic, citric, isocitric, 
oxalic, lactic, succinic and glutamic acid. 

Mention has already been made of two dehydrogenases concerned in 
the breakdown of sugar to ethyl alcohol and carbon dioxide, namely, 
triosephosphate dehydrogenase (p.131) and alcohol dehydrogenase (p.132). 
Both these require co-enzyme 1 and so fall into the first group of Bach, 
Dixon and Zerfas. Another plant dehydrogenase of this group is glutamic 
acid dehydrogenase which, according to Damodaran and Nair, occurs 
in germinating seeds of Pisum sativum and other Leguminosae and brings 
about the oxidation of glutamic acid to a-ketoglutaric acid. Here also 
co-enzyme 1 acts as an intermediate carrier of hydrogen which is then 
transferred to a hydrogen acceptor which may be oxygen or some other 
substance. Further reference to this action is made in a later chapter 
(p. 299). 

The enzymes of the second group of dehydrogenases in the classification 
of Bach, Dixon and Zerfas consist of protein-flavin compounds, the flavin 
constituting the prosthetic group; hence these enzymes do not require a 
co-enzyme. The flavins are complex yellow substances containing the 
nitrogen-containing triple ring compound isoalloxazine and the pentose 
sugar d-ribosc; one of the flavins is riboflavin or vitamin B 2 with the 
formula: 
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The best known of the flavo-protein enzymes in plants is the so-called 
yellow enzyme obtained in 1932 by Warburg and Christian from yeast. 
In this enzyme the prosthetic group is riboflavin phosphate. It appears 
to function along with another dehydrogenase (hexose-6-phosphate 
dehydrogenase) which involves co-enzyme 2 as its prosthetic group. In 
the presence of this enzyme system and hexosemonophosphate the 
yellow enzyme brings about a rapid uptake of oxygen whereby the 
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hexosemonophosphate is oxidized and the yellow enzyme reduced. It is 
thought that the hexosemonophosphate is first oxidized by co-enzyme 2, 
which is thereby reduced to dihydroxy co-enzyme 2; that this is then 
reconverted to co-enzyme 2 by the yellow enzyme which is thereby 
reduced, and that the yellow enzyme is then re-produced by the absorp- 
tion of oxygen by the reduced form. The yellow enzyme may be only a 
decomposition product of another flavo-protein, but since the discovery 
of the yellow enzyme by Warburg and Christian a number of other 
enzymes of similar constitution have been recognized. 

Among plant enzymes which may be included in the third group of 
Bach, Dixon and Zerfas are some of those which effect the oxidation of 
organic acids. As an example succinic dehydrogenase may be cited. This 
enzyme, which is widely distributed in plants and animals, brings about 
the oxidation of succinic acid to fumaric acid. Until recently none of the 
enzymes of this group had been obtained in a state of even approximate 
purity, but Bach, Dixon and Zerfas have now prepared one of them, 
lactic dehydrogenase from yeast, in a state pure enough for them to 
decide that a previously undescribed cytochrome, which they call 
cytochrome is probably an essential part of the enzyme system. The 
cytochrome might even be the enzyme itself, or it might be a carrier 
acting between the enzyme and an acceptor, thereby playing a role 
similar to that of the yellow enzyme. 

Enzymes catalysing the so-called ‘Cannizzaro reactions’ are probably 
to be regarded as belonging to the category of dehydrases. In a Can- 
nizzaro reaction two molecules of an aldehyde react together, one being 
oxidized and the other reduced with the result that the corresponding 
acid and alcohol are produced simultaneously. Reference has already 
been made to one enzyme of this type, namely, aldehydemutase (p. 132). 
Such enzymes, which catalyse an action in which by means of water one 
molecule of a substance is oxidized and the other reduced are called 
mutases or oxido-redutases. 

At least some of the plant dehydrogenases are inhibited by malachite 
green and iodoacetatcs. 


Catalase 

The enzyme catalase, which effects the splitting of hydrogen peroxide 
to water and molecular oxygen, is widely distributed in plants and is, 
indeed, generally supposed to be universally present in all living tissues. 
For long it was supposed that it served a protective function, destroying 
hydrogen peroxide formed in other metabolic processes, as in the action 
of oxidases. Recent work by Keilin and Hartree suggests, however, that 
catalase can take part in oxidations. Working with preparations of 
catalase from animal sources they found that the hydrogen peroxide 
produced in oxidase action can be utilized by catalase to catalyse the 
oxidation of a number of alcohols, namely, methyl alcohol, ethyl alcohol, 
n-propyl alcohol, iso-butyl alcohol, /3-aminoethyl alcohol and ethylene 
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glycol. Thus xanthine oxidase catalyses the oxidation of hypoxanthine 
in presence of oxygen to uric acid, the oxygen being reduced to hydrogen 
peroxide. If catalase and ethyl alcohol are added to this system the 
alcohol is oxidized to aldehyde: 


CH,.CH,OH + H t O, = CHj.CHO + 2H.O 


Keilin and Hartree consider that this ‘coupled oxidation’ by catalase is a 
more likely property of this enzyme in the organism than the decom- 
position of hydrogen peroxide to water and oxygen. 

Catalase was first obtained in crystalline form by Sumner and Dounce 
in 1937 from ox liver. It has the large molecular weight of about 225,000, 
and the molecule contains about 0-09 per cent, of iron, which indicates 
that each molecule of the enzyme contains four atoms of iron and thus 
perhaps four prosthetic groups. It will be observed that in chemical 
nature catalase resembles cytochrome and peroxidase. Sumner and 
Somers, in their recent book on enzymes, classify them together as iron 
enzymes. 

From what has been written it will be clear that oxidizing enzymes 
not only catalyse the oxidation of their specific substrates, but may in- 
directly bring about the oxidation of other substances. The products of 
some oxidase actions are the oxidized substrate and hydrogen peroxide 
and the latter, being an oxidizing agent, may effect secondary oxidations 
either by itself or with the agency of the enzyme peroxidase. It is, how- 
ever, supposed that oxidases are often accompanied by dehydrogenases 
which transfer hydrogen from some other substrate (a hydrogen donator) 
to the oxidized substrate of the oxidase action. Several such systems, 
in which a substance such as catechol, cytochrome or ascorbic acid is 
alternately oxidized and reduced, have been hypothesized in plants. By 
means of such systems the oxidation of a substance may proceed con- 
tinuously while the amount of catechol or other oxidase substrate re- 
mains constant. 

As an example of such a system may be taken the ascorbic acid — 
ascorbic acid oxidase — dehydrogenase system hypothesized by James 
and Cragg. They found that certain a-hydroxy acids, namely, glycollic 
acid, lactic acid and tartaric acid, when added to the expressed juice of 
barley seedlings, brought about an increase in oxygen absorption. For 
various reasons they conclude that ascorbic acid oxidase is concerned in 
this and they suggest that the action is represented thus: 

AH, + O — ► A + H,0 by ascorbic acid oxidase 
A + R.CHOH.COOH — > AH, + R.CO.COOH by a-hydroxy dehydrogenase 

where A represents ascorbic acid and AH, the reduced form of the acid. 
The system comprising ascorbic acid, ascorbic acid oxidase and a-hydroxy 
dehydrogenase would thus effect the continuous oxidation of the 
a-hydroxy acid to the corresponding a-ketonic acid. 
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THE FUNCTION OF ENZYMES IN THE PLANT 

There can be no doubt of the supreme importance of enzymes in the 
life of the plant. Their universal presence in itself is evidence of this. 
With some their function is understood at any rate in part, whereas with 
others it can only be guessedf*Among enzymes, the functions of which 
appear to be adequately comprehended, are the large group of hydrolys- 
ing enzymes. Wherever more complex reserve products are mobilized 
into simpler mobile or active substances, hydrolysing enzymes such as 
amylase, lipase or protease are the agents catalysing the hydrolysis. 
Thus in starch-containing leaves, seeds and perennating organs, hydrolys- 
ing enzymes appropriate for the breaking down of the stored reserve 
product become active when certain conditions are fulfilled. 

Since catalytic actions are reversible, and enzymes have the general 
characters of catalysts, it has been very generally assumed that enzyme 
actions are reversible and that, in consequence, they may be not only 
agents furthering hydrolysis but also agents of synthesis. Although it 
has not been found easy to demonstrate the reversibility of enzyme 
actions, this reversibility has now been established in a number of in- 
stances, and it seems likely that it only requires improved technique to 
demonstrate the reversibility of any enzyme action. 

The actions in the plant catalysed by enzymes are balanced actions, 
that is, the hydrolysis, for example, is not complete but reaches a posi- 
tion of equilibrium in which the hydrolytic and synthetic products bear 
a certain quantitative relation to one another. In the action, for example, 
of maltasc on maltose, when equilibrium is reached most of the maltose 
will have been converted into glucose, but there will be a small propor- 
tion of maltose left. In many enzyme actions the position of equilibrium 
is so near that of complete hydrolysis that some observers have thought 
the reactions complete. However, careful investigation has shown that 
this is not so. For example, it was thought that the glycoside salicin was 
completely hydrolysed by emulsin (/?-glycosidase), but it was shown by 
Visser and also by Bourquelot and Bridel that at equilibrium there is 
present a small proportion of salicin. 

Nevertheless, in general, under ordinary conditions, the position of 
equilibrium is seldom far removed from that of complete hydrolysis. In 
spite of this, the fact that synthesis can take place at all is of fundamental 
* importance. Thus, to take a specific example, if we start with an aqueous 
solution of glucose and add maltase, an equilibrium point will be reached 
when a small quantity of maltose is formed. If the maltose is removed 
from the sphere of action, by, for example, combination with some other 
body, the equilibrium is only of momentary duration and a further small 
amount of maltose will be produced. Thus, in general, provided the 
product of the synthesis is removed as it is formed, the synthetic action 
of the enzyme will continue since the equilibrium is not maintained. It 
is to be noted that the concentration of the enzyme does not alter the 
position of the equilibrium, since both the hydrolytic and synthetic 
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actions are furthered to about the same degree whatever the concen- 
tration. 

The synthesis of starch by means of the P and Q enzymes has 
already been discussed. We may now examine some other instances in 
which the reversibility of enzyme action has been demonstrated. Synthesis 
by means of an enzyme was first recorded by A. Croft Hill in 1898. By 
adding maltase to a strong aqueous solution of glucose, this worker 
obtained a quantity of disaccharide, which he concluded was maltose. 
It subsequently appeared that the synthesized disaccharide was a mix- 
ture of maltose and an optical isomer of it, isomaltose. Isomaltose itself 
is not hydrolysed by maltase, but by emulsin (/?-glycosidase). The ex- 
planation of this result given by Bayliss appears to be the true one, 
namely, that the maltase preparation used by Croft Ilill contained some 
emulsin and that both enzymes acted as synthetic agents, the maltase 
bringing about the synthesis of maltose from glucose, the /f-glycosidase 
that of isomaltose from glucose. 

The synthetic action of emulsin has been indubitably shown by 
Bourquelot and his associates, who have synthesized a number of 
glycosides by its means and isolated them in crystalline form. The 
synthesis of urea by means of urease has also been shown by Barendrecht 
and others. 

The most easily demonstrated case of reversible enzyme action is 
that of esterase (butyrase). If this enzyme is allowed to act on ethyl 
butyrate, hydrolysis takes place with formation of ethyl alcohol and 
butyric acid. Conversely, when allowed to act on a mixture of ethyl 
alcohol and butyric acid a certain amount of synthesis takes place with 
formation of ethyl butyrate. Butyric acid and ethyl butyrate possess 
characteristic and different odours and the hydrolytic and synthetic 
actions can both be recognized by the definite odours of the respective 
products. It is easy, and perhaps more satisfactory, to determine the 
products by chemical analysis. 

Enzymes are not only agents of hydrolysis and synthesis. As pointed 
out earlier (p. 108) they may also determine the direction of the reaction 
where a substance can be broken down in more than one way, and the 
respective reactions concerned are catalysed by different enzymes. 

The oxidizing enzymes and catalase arc generally supposed to be con- 
cerned in respiration, since the latter usually involves an oxidation of 
material. The question of the relation of these enzymes to respiration will 
be dealt with in the next chapter. 

THE MECHANISM OF ENZYME ACTION 

'J It is now almost universally assumed that enzyme action is effected 
by the enzyme entering into some kind of combination with the substrate 
from which subsequently the enzyme is released, but opinions differ as to 
whether this union takes the form of a chemical combination or of an 
adsorption compound. Michaelis and others, for example, regard an en- 
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zyme action as involving the formation of a chemical compound between 
enzyme and substrate molecules, followed by the breaking down of this 
compound into the free enzyme and the products of the reaction. Bayliss 
was responsible for the idea of the formation of an adsorption compound 
between substrate and enzyme, but he regarded the adsorption as a 
preliminary stage to the true chemical reaction in which the substrate 
was acted upon. The adsorption results in an increase in the active mass 
of the substrate at the seat of the reaction and will therefore increase its 
rate, but Bayliss pointed out that it might not be possible to explain all 
the chemical activities of enzymes as due to their adsorptive properties. 
He also held that true chemical compounds might be formed by a union 
of enzyme and substrate. The part played in this respect by the co- 
enzyme or prosthetic group in a number of instances has already been 
mentioned. 

The kinetics of a number of enzyme actions have now been examined, 
with the result that current opinion leans to the view that chemical com- 
pounds are formed between enzyme and substrate, and that, owing to 
the relative sizes of the molecules of enzyme and substrate, in many cases 
only relatively few substrate molecules can be adsorbed to one enzyme 
molecule. Hence enzyme action cannot in general be accounted for by 
an increase of the active mass of the reactant as a result of adsorption. 

THE FORMATION OF ENZYMES IN PLANTS 

It seems reasonably clear that enzymes are to be found in every living 
cell, and it may be that they form an integral part of the protoplasm. 
At any rate they are to be regarded as an essential part of the vital 
mechanism of the cell. It appears likely that they are produced in the 
cells in which they are found, for their colloidal character renders them 
indiffusible. While some cells are particularly rich in one particular en- 
zyme, a number of enzymes may be active in one and the same cell. 
This is, of course, obvious in the case of unicellular and filamentous 
organisms. Yeast, in particular, has formed a source of extraction of a 
large number of enzymes, and a dozen or more enzymes have been 
recognized as active in the yeast cell. 

Sometimes the enzyme appears to be present in a non-active form 
which can be extracted and rendered active by treatment with some 
reagent. Thus lipase in a non-active form can be extracted from seeds of 
Ricinns and rendered active by treatment with acetic acid. Such a non- 
active form of an enzyme is termed a pro-enzyme or zymogen. It may 
be that the so-called pro-enzyme or zymogen consists of an enzyme 
united with some other substance through its active grouping, but 
actually the relationship of zymogen to enzyme is not understood.^'' 
^/Nothing definite is known of the way in which enzymes are produced. 
It has been held that they are formed in the nucleus and then extruded 
into the protoplasm, while on another view it is supposed that mitro- 
chrondria are the seat of enzyme formation. Neither view has received 
any general support or confirmation./ 
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CHAPTER VI 


RESPIRATION 

A characteristic of all living matter is the continuous release of energy 
resulting, usually, from the breaking down of complex substances present 
in living cells. The most usual manifestation of this function is the 
absorption of oxygen and evolution of carbon dioxide, and it was to this 
exchange of gases between organism and environment that the term 
respiration was first applied. However, it came to be realized that the 
essential feature of the function in which this gaseous exchange is in- 
volved is the release of energy, and that such energy release is sometimes 
effected by reactions which do not involve the usual gaseous exchange. 
This being so, the term respiration is now generally understood to refer 
to the whole of the processes, of whatever kind, involving a release of 
energy from substances present in the cells, and not merely to the 
familiar exchange of oxygen and carbon dioxide. To avoid ambiguity the 
term energesis was at one time suggested to refer to the whole process of 
energy release, but has scarcely survived. 

KINDS OF RESPIRATION 

While in the vast majority of plants growing under natural conditions 
the respiratory process involves the absorption of oxygen and evolution 
of carbon dioxide, there are types of respiration in which such an ex- 
change of gases does not take place. These unusual methods of respiration 
are of very limited incidence, occurring either in absence of oxygen, or 
in certain groups of bacteria. The various types of respiration met with 
in plants are summarized below. 

Normal Aerobic Respiration 

In all plants and all cells of plants, with only a few exceptions, respir- 
ation, in presence of air, consists essentially in the oxidation of carbo- 
hydrate or fat, and perhaps occasionally of other organic material. 
Generally, the oxidation is complete so that the end-products are carbon 
dioxide and water. Where the substance oxidized, or respiratory sub- 
strate, is hexose sugar, as is generally the case, for example, in leaves, 
the whole of the respiratory process can be summed up in the equation 
C|H lt O( + 60, - 6C0, + 6H,0 

This oxidation of sugar involves the release of energy, the breaking 
down of one gram-molecule of sugar releasing 686 Calories. It may be 
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taken as certain, for reasons which will appear later, that the sugar is 
not broken down to carbon dioxide and water in one stage, but that a 
whole chain of reactions is involved between the beginning and end of 
the whole process. 

In seeds of 80 per cent, of the species of flowering plants the principal 
storage materials are fats, and there is no doubt that these substances 
are utilized in respiration, although it is generally supposed, and quite 
probable, that hexose sugar is first formed from the fat by processes at 
present quite obscure. At any rate, the end-products of respiration when 
fat is utilized are the same as when carbohydrates are the respiratory 
substrate. It will, however, be observed that owing to the small amount 
of oxygen relative to the carbon in a fat, as compared with the amount 
in a carbohydrate, more external oxygen is required to oxidize the carbon 
of a fat completely to carbon dioxide than to oxidize that of a carbo- 
hydrate. Thus the equation representing the oxidation of the fat triolein, 
Cs 7 H 10 4 O«, is: 

C 57 H l04 O, + 800, = 57CO, + 52H,0 

Another variant of the aerobic respiratory process occurs in succulent 
plants where the oxidation of carbohydrate, at least in absence of light, 
tends to be incomplete and leads to the formation of organic acids, 
particularly malic acid, thus: 

2C,H„0, + 30, = 3C 4 H,O s + 8H.O. 

Some fungi appear to be able to utilize a variety of materials for 
respiratory purposes. Thus 80 years ago Kostychev showed that Asper- 
gillus niger could utilize not only tartaric acid and quinic acid, but also 
peptone. The equations for the complete respiration of the first two sub- 
stances are respectively: 

2C 4 H 4 0 4 + 50, = 8CO, + 6H,0 

and 

C 7 Hj,0, + 70, = 7CO, + 0H,O 

Other substances which can provide material for the respiration of 
Aspergillus niger are lactic acid, glycerol and mannitol. 

The fate of peptone when this forms the respiratory substrate is how- 
ever, not clear, although apparently amino-acids are first produced, 
'which substances can themselves serve as respiratory substrate. Only 
exceptionally does it appear that proteins can be utilized in the respir- 
ation of higher plants. 

Anaerobic Respiration 

Plants which in presence of oxygen respire in the normal manner 
continue to give out carbon dioxide when deprived of oxygen, as, for 
example, when they are placed in a vacuum or in an atmosphere of 
nitrogen or hydrogen. The only known exception to this rule is Elodea. 
When deprived of oxygen the substrate is only partially broken down, 
the end-products as a rule being carbon dioxide and ethyl alcohol, so 
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that where the substrate is hexose the whole process may be represented 
by the equation: 

C,H„0, = 2C,H,OH + 2CO, 

The energy released in this process is very much less than that re- 
leased in the complete oxidation of hexose to carbon dioxide and water, 
being only about 50 Calories for every gram-molecule of hexose broken 
down. 

This type of respiration was originally termed intramolecular respir- 
ation, but the expression is not a suitable one and the process is now 
generally known as anaerobic respiration or fermentation. 

Certain bacteria live only in the absence of oxygen or in a very low 
concentration of this gas, and such normally respire anaerobically. Among 
such ‘obligate anaerobes’ are Bacillus denitrificans, and certain butyric 
and lactic bacteria, and it may be that the anaerobic respiration of these 
forms is in part the same or a similar process to that which obtains in 
higher plants respiring anaerobically. In these lower forms the sugar or 
other carbohydrate is supposed to be broken down into carbon dioxide, 
alcohol, lactic acid and butyric acid. In Bacillus denitrificans nitrate is 
absorbed and reduced to ammonia or nitrogen, with a consequent release 
of oxygen, which it is supposed is utilized in the further oxidation of 
carbohydrate, so that in spite of the organism being an obligate anaerobe, 
part of the respiratory process may, in fact, be the same as that in normal 
aerobic respiration. 

Nitrifying Bacteria 

The energy-releasing process in the nitrifying bacteria ( Nitrosomonas ) 
consists in the oxidation of ammonium salts into nitrous acid, the 
equation representing the process being usually given as: 

2NH, + 30, = 2HNO, + 2H,0 

Some controversy has resulted over the question whether the source of 
carbon for these plants consists of the carbonates of the soil or the carbon 
dioxide of the air. It seems possible that under certain conditions either 
source may be used, but in neither case does the carbon compound form 
a respiratory substrate, this being provided by ammonium compounds, 
the oxidation of one gram-molecule of ammonia releasing 79 Calories. 

Nitrating Bacteria 

Similarly, the nitrating bacteria of the soil, Nitrobacter , obtain energy 
by the oxidation of nitrous acid (or nitrites) to nitric acid (or nitrates), 
according to the equation: 

2HNO, + O, = 2HNO, 

the oxidation of one gram-molecule of nitrous acid releasing 18 Calories. 
Sulphur Bacteria 

The sulphur bacteria, Beggiatoa, Thiothrix and Hillhousia, respire by 
oxidizing hydrogen sulphide. The oxidation appears to take place in 
11 
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two stages, sulphur being first formed and appearing in the form of 
particles in the cell protoplasm. The elemental sulphur is then further 
oxidized to sulphuric acid which, reacting with bases present in the cell, 
produces sulphates, the usual one being calcium sulphate. The respir- 
atory process in these bacteria may be summed up in the equations: 

2H*S + O, = S, + 2H,0 
S, + 2H.O + 30* = 2H.SO, 


Thiosulphate Bacteria 

Apparently distinct from the sulphur bacteria are the thiosulphate 
bacteria, Thiobacillus, which obtain their energy by the oxidation of 
thiosulphates to sulphates, the equation representing the process being: 

6K*S*0* + 50, = 4K*S0 4 + 2K,S 4 0, 

Iron Bacteria 

The iron bacteria, of which the best known is Spirophyllum fer.- 
rugineum, have been thought to respire by oxidizing ferrous iron to the 
ferric state, and it has been suggested that the process might be repre- 
sented by the following equation: 

2Fe(HCO,)* + O + H.O = Fe,(OH)„ + 4CO* 

However, considerable doubt exists regarding the mode of life of these 
organisms, and Molisch and others have asserted that they can grow in 
absence of iron salts. 

Hydrogen Bacteria 

A number of bacteria, including Bacillus hydrogenes, B. pantotrophus 
and Hydrogenomonas spp., obtain their energy by oxidizing hydrogen to 
water. 

It will be observed that all the unusual forms of respiration, with the 
exception of anaerobic respiration of normally aerobic plants, are con- 
fined to bacteria, and are thus of relatively rare occurrence, and found 
only in specialized groups of plants. They are, however, of general 
interest, as they serve to emphasize the fact that respiration consists 
essentially in a release of energy which, although generally effected in one 
particular way, can nevertheless be brought about in a variety of dif- 
ferent ways involving the utilization of very diverse materials. 

THE MATERIALS USED IN NORMAL RESPIRATION 

The aerobic respiration of the vast majority of plants is generally 
supposed to proceed at all times and in all organs. Every active living 
cell respires, and continuous respiration is regarded as an essential 
function of living matter. As already stated, the normal respiration of 
aerobic plants involves the breaking down of organic material, nearly 
always carbohydrate qr fat bu t perhaps sometimes more complicated 
substances. Where morecomplex carbohydrates form the respiratory 
substrate there is a probability that hexose sugar is first formed from 
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them by the action of hydrolytic enzymes, while it is generally held, 
although direct evidence is not available, that where fat is the respiratory 
substrate sugar is first formed. Thus it may be that whatever the sub- 
stance used for respiration, the actual aerobic respiratory process is the 
same and consists of an oxidation of hexose sugar, this being sometimes 
provided by hydrolysis or oxidation of other substances present in the 
plant as reserves. 

Where sugar is the substance utilized it will be observed from the 
equation on p. 149 that the volume of carbon dioxide produced is equal 
to that of oxygen absorbed. The ratio of carbon dioxide evolved to 
oxygen taken in is called the respiratory quotient, and where sugar is the 
substrate its value will thus be unity. The same is also the case where 
starch, cellulose and other complex carbohydrates provide the respir- 
atory material. But where fat is employed relatively more oxygen is 
required for the complete combustion of the carbon, as fats contain 
relatively little oxygen, and in the respiration of triolein quoted above, 
an inspection of the equation given on page 150 will show that the 
respiratory quotient in this case will be about 0-71. 

Determinations of the carbon dioxide evolved and oxygen absorbed 
by tissue give an indication of the materials utilized in respiration. 
Some observations by Stiles and Leach on the respiratory quotients of 
seeds will serve to illustrate this point. In Fig. 14 are shown the values 
of the respiratory quotient of a germinating grain of maize and a ger- 
minating seed of castor oil from the beginning of germination. The grain 
of maize contains a large quantity of carbohydrate, roughly 60 per cent., 
but only a very moderate quantity of fat, namely 7 or 8 per cent. It will 
be observed that the respiratory quotient in the early stage of germin- 
ation is very nearly unity, and then slowly falls to a minimum of about 
0*74, after which it slowly rises towards unity. These results can be 
interpreted on the view that at the beginning of germination, carbo- 
hydrate, probably sugar, is utilized for respiratory purposes, but that as 
time goes on the fat is mobilized and utilized, thereby bringing about a 
lowering of the quotient. As time goes on the fat reserve tends to become 
exhausted and carbohydrate again becomes the dominant constituent of 
the respiratory material, with the result that the quotient rises towards 
unity. In Ricinus seeds, on the other hand, the content of carbohydrate 
may be as low as 2 per cent., whereas the fat content is high, often 
comprising more than half of the dry weight. Here the respiratory 
quotient at a very early stage in germination is well below unity, being 
only about 0*8 after 7 hours in the example quoted, and falling to as low 
as 0*5 after about 120 hours. Here the results may be interpreted as 
indicating at first a utilization of sugar and fat together. The sugar is 
soon exhausted and fat alone provides the respiratory material. But if 
the first stage in the utilization of fat is the formation of sugar, and if the 
latter should be formed faster than it is respired, and so accumulate, the 
measured respiratory quotient will fall below that characteristic of the 
oxidation of fat which is about 0*7. Thus, the principal fat in the seeds 
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Fio. 14. — Curves showing changes in the respiratory quotient of a grain of Zea mais and 
seed of Ricinus communis during germination 
(Constructed from the data of W. Stiles and W. Leach) 


of Ricinus is probably the triglyceride of ricinoleic acid with a probable 
formula of C 57 H 104 O 9 . If this fat is wholly oxidized to carbon dioxide 
and water the equation summing up the whole of the reactions involved 
would be: 


2C„H m O, + 1570, = 114CO, + 104H,O 
and the respiratory quotient would thus be: 

114 


157 


or 0-73 


If, however, the fat should be entirely converted to sugar the equation 
summing up the changes involved would be 

2C|,Hj^O, -I - 1011,0 480, “ 19C,H„0, 

Hence if, during any time, half the fat which disappears is oxidized into 
carbon dioxide and water and half converted into sugar, the apparent 
respiratory quotient is 

114 


157 +48 


or 0-57 


while if only one-third is oxidized to carbon dioxide and water and two- 
thirds to sugar, the apparent quotient will be only 0*47. 

The observed changes in the value of the respiratory quotient with 
time of germinating seeds of Ricinus thus indicate not only a utilization 
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of fat for respiratory purposes, but afford indirect evidence of a con- 
version of fat to sugar. Confirmatory evidence of this is derived from 
direct analyses of seeds and seedlings. Thus in Table XXX are shown, 
for example, analyses of Ricinus seeds and seedlings, made by Leclerc 
du Sablon. 


Table XXX 

Changes in Fat and Sugar Content of Ricinus Seeds during Germination 


Time of Germina- 
tion in days 

Length of Radicle 
in cm. 

Fat in per cent, 
of dry weight 

Glucose in per cent, 
of dry weight 

Sucrose in per cent, 
of dry weight 

0 

00 

71-4 

00 

11 

2 

07 

63-9 



5 

20 

48-8 

3 1 

90 

8 

35 

250 

8-4 

12 4 

13 

90 

14 1 

13-7 

120 

16 

10 0 

4-9 

174 

55 


As the fat becomes transformed to sugar we should expect a rise in 
the value of the respiratory quotient, as sugar must become the principal, 
and, in time, probably the only substrate. Such a rise was observed 
by Bonnier and Mangin to take place in seedlings of flax (Linurn usitatis- 



Fio. 15. — Curves showing changes in the respiratory quotient of wheat and flax seedlings 

over a period of 17 days 

(From W. Stiles and W. Leach, after G. Bonnier and L. Mangin) 


simum) 4 days after the commencement of germination and to continue 
more or less regularly for 17 days, when measurements were discontinued 
(cf. Fig. 15). 

Whether other substances besides carbohydrates and fats can in 
general provide material for respiration is not very certain. It is at any 
rate possible that anthocyanins may serve such a purpose, and this 
would not be very surprising as they are glycosidic in nature, containing 
sugar in combination in their molecules. 

Reference has already been made to the fact that various organic sub- 
stances other than carbohydrates and fats, and notably tartaric acid, 
quinic acid and peptone, can serve as respiratory substrate for Asper- 
gillus niger. A glance at the equation given on p. 150 for the respiration 
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of tartaric acid will show that the theoretical respiratory quotient when 
this substance is the sole source of respired material is 1*6. An actual 
determination of the quotient made by Kostychev was 1'54, a result in 
sufficient agreement with the theoretical value to indicate the complete 
oxidation of the tartaric acid. With quinic acid an even more satisfactory 
agreement between the theoretical and observed quotients was obtained, 
the values being respectively 1-00 and 1-01. 

The observations of Kostychev and Butkewitsch leave no doubt that 
the simple protein peptone can be respired by Aspergillus niger. In this 
case Kostychev obtained values of 0-45 and 0-52 for the respiratory 
quotient. 

Whether protein is ever normally respired by higher plants, as was at 
one time thought, is doubtful. Many leguminous seeds contain much 
protein, but there is no indication that in these seeds any of this is util- 
ized for respiration. The behaviour of leaves starved by maintenance in 



Fig. 16 . — Curve showing the course of respiration in a starved leaf of privet ( Ligustrum 

vulgare) 

the dark requires mention in this connexion. The respiration rate of 
leaves subjected to this treatment falls regularly until it reaches a low 
constant rate which is maintained for a long time. An example.of this is 
shown in Fig. 16, which illustrates the respiration of a privet leaf kept in 
the dark for 5 weeks. It will be observed that here the minimum constant 
rate is only about 7 per cent, of the initial rate of respiration. 

From observations on starved leaves of Prunus laurocerasus by God- 
win and Bishop, it seems that in that species, at any rate, the course of 
respiratory activity varies with the age of the leaf, and that although 
there is always a rapid fall in rate, a constant low level rate is not always 
attained. Where it does occur it appears in some cases, at any rate, to be 
about 25 per cent, of the initial rate. In starved leaves of barley Yemm 
also obtained variable results; but where an approximately level rate of 
respiration was observed it appeared to be about 60 per cent, of the 
initial rate. 

This minimum rate was called by F. F. Blackman ‘protoplasmic 
respiration’ as distinct from the ‘floating respiration’ in excess of the 
former. It has been suggested that in floating respiration reserve carbo- 
hydrates and fats are utilized, whereas in protoplasmic respiration protein 
is utilised for respiration after the reserve materials have been exhausted. 
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Three pieces of evidence have been advanced in favour of this suppo- 
sition. In the first place, Yemm’s observations indicate a rapid fall in 
sugar content of starved barley-leaves. Secondly, according to Deleano, 
there is rapid loss of nitrogen in starved vine-leaves after the disappear- 
ance of carbohydrate. Thirdly, the respiratory quotient of starved leaves 
of barley was found by Yemm to be of the order of about 0*82 during the 
period of the constant minimum respiratory rate, while a value of the 
quotient of the same order has been obtained by the writer for starved 
privet-leaves. The complete oxidation of protein would yield a quotient 
of about 0-8, so that contemporaneous respiration of both carbohydrate 
and protein would yield a quotient between unity and 0-8. Stiles and 
Dent found that with the tissue of red beet in the form of thin slices kept 
in aerated running tap water the respiratory quotient was maintained at 
about unity for many days but with the continued utilization of sub- 
strate fell to a value of 0 !) or less. This again might indicate the breaking 
down of protein with the onset of exhaustion of the utilizable carbo- 
hydrate reserves. Other explanations are, however, possible of the fall in 
the respiratory quotient under starved conditions. 

From what has been said above it will be clear that the value of 
the respiratory quotient is closely related to the nature of the substrate, 
the quotient having a value of 1-6 in the case of tartaric acid, 1*0 with 
carbohydrates and quinic acid, and about 0-7 with fats. These values, 
however, are only obtained when the oxidation of the substrate is com- 
plete. If the concentration of oxygen surrounding the respiring material 
is reduced below a certain value the quotient is increased, presumably on 
account of imperfect oxidation, which may take the form of a certain 
amount of anaerobic respiration in which carbon dioxide is produced but 
no oxygen absorbed. Some data obtained by Stich on this question are 
summarized in Table XXXI. 


Table XXXI 

Effect of Concentration of Oxygen on the Respiratory Quotient 


Plant Material 


Oxygen 

Respiratory 


Concentration 

Quotient 

Triticum vulgare seedlings 

• 

• 20-8 

0*98 



9*0 

0*94 



50 

0*93 



80 

3*34 

Zea mats seedlings 

• 

. 20*8 

0*89 



00 

0*96 



50 

1*35 



36 

1*37 

Pisum sativum seedlings 


. 20*8 

0*88 


93 

0*86 



3-5 

2*31 

Narcissus poeticus bulb . 

• 

. 208 

0*96 


10*2 

1*04 



7*5 

2*86 


In succulent plants kept in the dark, even in normal atmosphere, the 
oxidation of the respired carbohydrates is incomplete, and instead of a 
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complete breakdown of the substrate to carbon dioxide and water, 
organic acids such as malic and oxalic accumulate, and in extreme cases 
no carbon dioxide is evolved at all. Usually, however, a certain amount 
of this gas is formed, but in quantity much less than that of oxygen taken 
in, with the result that the quotient is much below unity. Some values 
actually obtained by Aubert in his classical investigation of this question 
are summarized in Table XXXII. 

Table XXXII 

Respiratory Quotient of Succulent Plants in the Dark 

Respiratory 


Plant Material 'Quotient 

Sedum reflexum , young stems ...... 0*83 

S. Telephium 0-60 

Crassula arborescens , leafy branch ..... 0*24 

99 99 99 99 .... • 0*52 

Phyllocactus grandiflorus , adult branch .... 0-33 

Opuntia tomentosa ........ 0*00 

„ 0047 


The values of the respiratory quotients of these plants are by no 
means characteristic; they vary considerably according to the period of 
exposure to light or darkness. Thus Bennet-Clark found that when leaves 
of the succulent plant Sedum praealtum are maintained in the dark the 
rate of carbon dioxide output first falls, reaching a minimum value 
in about 6 hours, after which the rate rises to a value which remains 
approximately constant for many days. The rate of oxygen intake also 
changes with time, but not always in the same direction as the rate of 
carbon dioxide output. The rate of oxygen absorption first rises to a 
maximum, next falls to a minimum, and then rises again until it exceeds 
the rate of carbon dioxide evolution. The resulting respiratory quotients 
for a succession of two-hour periods are shown in Table XXXIII. 

Table XXXIII 

Respiratory Quotient of Leaves of Sedum praealtum 
during Maintenance in Darkness 


Average time In Hour. Reipiratory 

from beginning Quotient 

1 146 

8 0-55 

5 017 

7 0-80 

9 0-78 

11 0-86 

18 1*40 

15 . . . . .11 


With regard to the accumulation of malic acid, Bennet-Clark fou nd 
the acid content of the leaves of Sedum praealtum reaches a maximum 
about 5 hours after the leaves are first darkened. A fall in acid content 
was found to follow for the next 8 to 12 hours, after which there is a 
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slight rise followed by a slow fall. It would thus seem that after darkening 
carbohydrate is converted to malic acid, as a result of which process the 
respiratory coefficient falls much below unity. During the following 
period, when the acid disappears, the respiratory quotient rises. While 
the utilization of malic acid as respiratory substrate might in part 
account for this, the whole of the rise in the quotient cannot always be so 
explained, for if respiration were wholly due to the utilization of malic 
acid the quotient would only be 1*88 whereas in some experiments higher 
values were observed by Bennet-Clark, in one instance a quotient of 
2*05 being obtained. Bennet-Clark therefore suggested that the break- 
down of carbohydrate is not directly through malic acid, but through 
some other compound requiring less oxygen for its oxidation, the malic 
acid being formed as a side product from the main line of catabolic reac- 
tions. This view can thus be represented by the following scheme: 

Polysaccharide 

I 

sugar 

i 

intermediates— Mnalic acid 

i 

carbon dioxide 

According to Nicolas, there is also an accumulation of organic acids 
in leaves containing anthocyanin, and here also quotients considerably 
below unity have been observed. 

It will thus be seen that the value of the respiratory quotient may* 
give indications of the nature of the respiratory substrate and the pro- 
cesses involved in its breakdown. It must, however, be remembered that: 
more than one substrate may be utilized at the same time, and that! 
there may be more than one chain of reactions involved in the breaking! 
down of the substrate with a diversity of final products, on the nature of! 
which, as well as on the substrate itself, the value of the quotient depends. ! 
Where one substrate or kind of substrate only is present, or greatly 
predominates, as, for example, carbohydrates in leaves, and the oxidation 
is complete, the quotient will be characteristic of that substrate and the 
chain of reactions involved in its breakdown. But where there are more 
than one of these chains of reactions as, for example, where there are 
several substrates, or where the same substrate has more than one fate, 
the drawing of conclusions regarding the nature of the respiratory process 
from the observed values of the quotient requires great care. Two simple 
examples may be given. Firstly, substrate consisting of a mixture of 
tartaric acid (with a quotient of 1-6) and fat (with a quotient of 0*7) in 
the right proportions, if both are completely oxidized, will give a quotient 
of unity, that characteristic of carbohydrate. Secondly, in an atmosphere 
poor in oxygen, a substrate of pure sugar will, owing to the presence of a 
certain amount of anaerobic respiration, give a quotient above unity. 
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and there will be one concentration of oxygen in which the observed 
quotient will be that characteristic of tartaric acid. 

THE INTENSITY OF RESPIRATION 

The intensity at which respiration proceeds, and the way in which 
this intensity is modified by altered conditions, is a matter of interest in 
itself and also because it may shed light on the mechanism of the res- 
piratory process. There is, however, an initial difficulty met with in 
dealing with this question, as it is not always a simple matter to find a 
mode of expressing the intensity of respiration. In the first place the rate 
of respiration of a plant or organ might be expressed as the quantity of 
carbon dioxide evolved by the material in unit time, or as the quantity 
of oxygen absorbed, or as the amount of substrate decomposed. If the 
substrate is always the same, and if the chain of reactions involved, 
remains the same, then any one of these three quantities will give a 
measure of the rate of respiration of the material as a whole. But if the 
substrate and reaction chain alter with time, then the quantity of sub- 
strate disappearing, the oxygen absorbed and carbon dioxide evolved, 
will not bear a constant relation to one another, and it may not always 
be clear which of the three values will give the best criterion of respira- 
tion. Also, if some other process involving carbon dioxide or oxygen is 
active in the cell the question of a criterion of respiration is further 
complicated. The change in the value of the respiratory quotient during 
the germination of seeds has already been mentioned and affords an 
illustration of this point. 

Having these difficulties in mind, the most satisfactory measure of 
respiration rate in most cases is generally regarded as given by the rate 
/bf carbon dioxide evolution, although clearly sometimes, notably with 
succulent p lants, the carbon dioxide evolution over a period of time 
may give no measure of the breakdown of substrate. Sometimes oxygen 
absorption has been used as a measure of respiration, but the loss in 
substrate, which might be a better criterion of respiratory activity than 
either carbon dioxide evolution or oxygen absorption, is not as a rule 
easily measurable. Still less has it been found possible to measure the 
rate at which energy is set free, which would give a truer measure of 
respiration. 

It is frequently desirable to express the actual measurements of 
respiration as respiratory intensity by referring the quantities measured 
to the dry weight of the tissues, the fresh weight of the tissue, the area 
of leaf surface, or the amount of nuclein nitrogen in the tissues. If this 
could be done satisfactorily there would then be a satisfactory basis 
for comparing the respiratory activities of different material. However, 
a moment’s reflection will show that a simple mode of expressing respira- 
tion intensity which is universally applicable is not at present possible. 
Fresh weight, depending so much on water content liable to fluctuations, 
is .obviously unsatisfactory, while dry weight may include variable 
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amounts of cell- wall and storage products which have no direct relation 
to respiratory activity. Such is very obviously so with seeds and storage 
organs generally. Area of surface may be a moderately satisfactory basis 
when the leaves of one species are considered, but even here variations 
in thickness of leaves may be a disturbing factor, and this will of course 
operate even more with leaves of different species. For these reasons 
Palladin attempted to measure respiratory intensity as carbon dioxide 
evolved in unit time per unit of protoplasm, a value for this last being 
given by the amount of nuclein nitrogen as measured by the amount of 
protein not digested by gastric juice. How far a value for the amount 
of protoplasm present in different tissues can be obtained in this way is, 
however, extremely doubtful. 

The data that have been obtained for respiratory activity of various 
plants and plant organs must be accepted having in view the limitations 
imposed by necessity on the significance of the determinations. In spite 
of these limitations it is clear that the intensity of respiration varies 
widely not only among different plants but in the same plant or organ 
at different stages of its life, and under different external conditions. 
Some representative examples arc given below. 

RESPIRATORY INTENSITY OF PLANTS OF DIFFERENT SPECIES 

Considerable variation in respiration intensity exists among plants of 
different species. Some data regarding higher plants, obtained by Aubert, 
in which the intensity of respiration is given in terms of the volume of 
oxygen in cubic millimetres absorbed per hour per gram of fresh weight, 
are recorded in Table XXXIV. 

Table XXXIV 


Intensity of Respiration of Plants of Different Species 


Species 

Temperature in 

Respiration Intensity 
in c.mm. Oxygen per hour 


degrees C. 

per gm. fresh weight 

Cercus macrogonus / . 

OpunHa cylindrical, . 
Opuntia tomentosa * • . 

. 12 

300 

. 13 

6-80 

. 18 

11*40 

Crassula arborescens >/ . 

. 13 

16*60 

Picca excclsa 

. 15 

44*10 

Galanthus nivalis . 

. 13 

77*60 

Viciafaba . 

. 12 

96*60 

Mirabilis jalapa . 

. 15 

120*0 

Triticum sativum . 

. 18 

291*0 


Much more intense respiratory activity has been observed in fungi 
and bacteria. Thus, if we assume the dry weight of wheat to be about 
one-quarter of the fresh weight, the highest respiration intensity observed 
by Aubert is about 1164 c.mm. or 1-164 c.c. of oxygen per hour per gm. 
dry weight. Now Kostychev found that a culture of AspergiUus niger 
grown on a quinic acid medium for 2 days liberated from 72-5 to 78 c.c. 
of carbon dioxide per hour per gram of dry weight. 
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Not only do different plants thus respire at very different rates, but 
the same plant at different times of its life, and different organs of the 
same plant at the same time, may exhibit very different intensities erf 
respiration. As regards the variation in respiratory activity of the same 
plant at different stages of development, a number of observations have 
been made on the respiration of seedlings during development. Some 
observations on .this point with a number of different species {Fagopyrum 
esculentum, Lathyrus odoratus and Helianthus annuus) are summarized 
graphically in Fig. 17. In these experiments the covering of the seed 
(testa or pericarp) was removed and under this condition it appears that 
the respiration intensity expressed as carbon dioxide evolved in unit 
time per unit of dry weight increases to a maximum after which the 



Fig. 17. — Curves showing the course of respiration in germinating seeds of Fagopyrum 
esculentum (F), Lathyrus odoratus (L), and Helianthus annuus (H) 

(Constructed from data obtained by W. Stiles and W. Leach) 

intensity falls. If the protective coverings of the seeds are not removed 
there may be a delay in reaching this maximum respiration rate, as des- 
cribed in a later chapter. In the case of seeds the respiration intensities 
referred to dry weight of the seed are of little use for comparison of the 
activities of different species, as so much of the dry matter of the seed is 
frequently non-living reserve material. Bearing this in mind, it is clear 
that germinating seeds or young seedlings appear to exhibit very con- 
siderable differences in respiratory activity. Thus a seedling of Helian- 
thus annuus 8 days old was observed by Stiles and Leach to respire at 
the rate of 7*9 mg. of carbon dioxide (or about 4 c.c.) per hour per gram 
of air-dry seed. Rates of respiration as high as this were also observed in 
young seedlings of Fagopyrum esculentum, but in most cases the maxi- 
mum rates reached were not so high. In young seedlings of Lathyrus 
odoratus, for example, the maximum rate of respiration was rarely as 
high as 1*5 mg. of carbon dioxide per gram of air-dry seed. 
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The most complete series of observations on the change in respiratory 
intensity during subsequent development of the plant has been made by 
Kidd, West and Briggs, also with Helianthus annuus. Their results, as 
regards the whole plant, are summarized in Table XXXV. 


Table XXXV 

Change in Intensity of Respiration of Plants of Helianthus 
annuus during Development 


Age of Plant 
in days 

1 




Dry weight of 
a Single Plant 
00225 

Respiration Intensity in 
mg. carbon dioxide per 
hour per gm. dry weight 
2 90 

2 





00223 

300 

4 





00242 

3-00 

13 





01009 

2-80 

22 





0630 

300 

20 





4065 

2 30 

36 





12*85 

1-21 

43 





2205 

103 

50 





45 15 

0 94 

59 





9320 

0 66 

64 





98-30 

071 

89 





. 294-7 

0-48 

99 




• 

877-4 

037 

112 





. 818-3 

0 26 

136 





. 4195 

039 


It will be observed that the respiration intensity, after reaching the 
early maximum observed by Stiles and Leach, falls off regularly as the 
plant grows older, with a slight rise during flowering late in the life of the 
individual. Similar results, unpublished at the time of writing this, have 
been obtained by Mehta for Phaseolus vulgaris. 


THE INTENSITY OF RESPIRATION OF DIFFERENT ORGANS 

Kidd, West and Briggs also determined the respective intensities of 
respiration of stem, leaf, stem apex and flowers of Helianthus annuus 
during stages of development. Their results are summarized in Table 
XXXVI. From these results it will be observed that the respiration 
intensity of the stems and leaves falls very considerably with advancing 
age and that when flowers are produced the respiratory intensity of the 
reproductive parts of the flower is considerably greater than that of the 
vegetative parts at the same time. The same observation has been made 
by Maige with a number of other species, the stamens and gynaecium of 
Papaver rhoeas, for example, respiring at respective rates of 1*041 and 
0*690 c.c. carbon dioxide per hour per gram of fresh weight, whereas the 
rates at which sepals, petals and ordinary foliage leaves respired were 
respectively only 0*890, 0*867 and 0*882 c.c. carbon dioxide per hour per 
gram of fresh weight. 
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TabU XXXV 1 

Intensities of Respiration of Separate Organs of Helianthus animus 


Respiration Intensity in mg. CO, per hour per gm. dry weight 


Plant in 
days 

Stem 

Leaf 

Stem Apex 

Whole 

Inflorescence 

Flowers on 
Lateral Shoots 

86 

1 

0-81 

1*56 




48 

0 60 

1*38 




50 

0*46 

1*52 

2*56 



50 

0*83 

1*32 

1*78 



64 

084 

1*24 




80 

0 81 

0*00 

M3 

1*13 


00 

0*25 

0 45 

0*80 

1*04 

1*13 

112 

0*008 

0*375 

0*75 

0*85 

0 95 

186 

0*081 

0*44 

0 96 

0 065 

0*07 


PERIODICITY IN RESPIRATION INTENSITY 

There is evidence that perennial plants, even during their active 
periods, exhibit a seasonal periodicity in respiratory activity. In such 
plants growing in temperate regions Bonnier and Mangin found the 
respiration intensity of the whole plant was greatest in spring, decreased 
somewhat in summer and fell to a minimum in winter. Expansion of 
leaves in spring and opening of flowers in winter might give rise to sub- 
sidiary maxima. The course of respiration of such a perennial plant 
during one year thus resembles on the whole that of an annual plant 
like Helianthus annuus. In the tropical plant Artocarpus integrifolia 
Inamdar and Singh also observed seasonal variations in respiratory 
activity, the minimum value here being reached at the beginning of 
summer and no rise occurring until autumn when the respiration rate 
increases to the maximum which continues through winter and spring. 
These periodic changes appear to be in part, but not entirely, related to 
the amount of substrate present, but some depressing factor operating 
during the summer appears to result in the falling off of respiratory 
activity during that season. 


THE INFLUENCE OF EXTERNAL CONDITIONS ON THE 
INTENSITY OF RESPIRATION 

While the variations in respiratory activity noticed above must be 
attributed to changes, for the most part unknown, occurring within the 
plant, external conditions also influence the intensity of respiration. 
Temperature, concentration of oxygen and concentration of carbon 
dioxide may all affect the rate of respiration, while various chemical 
substances have been observed to have an effect. Light appears to have 
no direct effect on respiration although it may influence it indirectly in 
chlorophyll-containing tissues by bringing about an increase in the 
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amount of respiratory substrate through photosynthesis. It may also 
affect gaseous exchange between the tissue and the surrounding medium 
in the case of succulent plants by bringing about the decomposition of 
organic acids, and so affecting the apparent respiratory quotient. 

Temperature. The general effect of temperature is to increase the rate ^ 
of respiration of a tissue. Between 0° and 80° C. an increase in tempera- 
ture of 10° C. generally results in the rate of respiration being increased 
from 2-1 to 2-5 times. Such a temperature coefficient of respiration has 
frequently been observed, as an inspection of Table XXXVII will show. 

Table XXXVII 

Temperature Coefficient of Respiration 



Temperature 



Plant Material 

Range in 
degrees 
Centigrade 

Temperature 

Coefficient 

Observer 

Triticum sativum seedlings . 

0-20 

2 5 

Clausen, 1800 

Pisum sativum seedlings . 

0-30 

2 5 

Fernandes, 1923 

Prunus laurocerasus leaves . 

16-30 

21 

Matthaei, 1004 

Salix glauca leaves .... 

0-10 

3-3 

Muller, 1028 

99 99 99 .... 

10-20 

1*8 

»» 99 

Chamaenerium latifolium leaves 

0-10 

20 

99 99 

99 99 99 

10-20 

2 5 

99 99 

Syringa vulgaris flowers . 

0-20 

2 5 

Clausen, 1890 

Fragaria vesca fruits .... 

5-25 

2 5 

Gerhart, 1930 


The coefficient is, however, not constant, falling in value with in- 
crease in temperature, at any rate in roots of Pisum sativum. Thus for 
the temperature intervals 0°-10°, 10°-20° and 25°-30° the coefficients 
calculated from the data of Fernandes, are respectively 2-69, 2-58 and 
2-87. Above 80° C. what has been called a ‘time factor’ becomes opera- 
tive. Whereas below 80° C. the respiration remains reasonably constant, 
above this temperature the rate of respiration falls off rapidly with time, 
behaviour which is probably related to the destruction or inactivation 
of some part of the protoplasmic system, possibly an enzyme, at the 
higher temperatures. The higher the temperature, the more rapid is the 
falling off in the respiratory activity. The operation of a time factor, as 
observed by Fernandes in Pimm sativum , is illustrated in Fig. 18. 

Oxygen Concentration. It was at one time thought that oxygen con- 
centration had little effect on respiratory activity over a wide range of 
concentrations. Normally, of course, plants growing in air are subjected 
to a partial pressure of oxygen equal to one-fifth of an atmosphere. Not 
until this pressure is raised to 2 or 8 atmospheres has a notable increase 
in respiration rate been observed, and this appears to prelude the death 
of the tissues. It has generally been accepted that a reduction in the con- 
centration of oxygen in the air has no effect on respiration until it is 
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reduced to 2 per cent, when the respiration rate decreases with decrease 
in oxygen concentration. 

It was, however, stated by F. F. Blackman that the respiration 
intensity of apple fruits is high in an atmosphere of nitrogen devoid of 
oxygen, and that with increase in oxygen concentration the respiration 
rate falls until it reaches a minimum between 5 and 9 per cent. With 
further increase in oxygen concentration respiration intensity rises stead- 
ily right up to a concentration of oxygen of 100 per cent. 

Mack also found the relation between respiratory activity of wheat 
seedlings and oxygen concentration was not simple. At any definite 
temperature the intensity of respiration was found to increase with 
increase in oxygen concentration until at a certain value of the latter, 
varying with the temperature between about 8 and 18 per cent., the 



Fio. 18 . — Curves showing the influence of temperature on the respiratory activity of 

seedlings of Pisum sativum 
(From W. Stiles and W. Leach, after Fernandes) 


respiration intensity reached a maximum. With further increase in oxy- 
gen concentration the respiratory activity fell to a minimum and then, 
with still further increase in oxygen concentration rose to a second maxi- 
mum in the neighbourhood of 90 or 95 per cent, oxygen concentration, 
above which there was a further fall in respiration rate. The meaning of 
this complex relationship between oxygen concentration and respiration 
rate is not at all clear. 

Carbon Dioxide Concentration. With increase in carbon dioxide concen- 
tration of the medium surrounding respiring tissue the respiration rate 
decreases. The falling off in respiratory activity, as measured both by 
oxygen absorption and carbon dioxide evolution, is well shown by obser- 
vations on the respiration of germinating seeds of Sinapis alba made by 
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Kidd and summarized in Table XXXVIII. In these experiments 20 per 
cent, oxygen was originally present. 

Table XXXVIII 

The Influence of Carbon Dioxide Concentration on the 
Respiration of Germinating Seeds of Sinapis alba 


Original concentration 
of Carbon Dioxide in 
per cent. 

0 . 


Oxygen absorbed 
in 14 hours 

. 71 

Carbon Dioxide 
evolved in 14 
hours 

58 

10 . 


. 57 

48 

20 . 


. 40 

38 

30 . 


. 45 

33 

40 . 


. 38 

26 

80 . 


. 32 

17 


Sugar Concentration. As sugar forms the respiratory substrate it is to 
be expected that where sugar can be absorbed by the tissues from the 
external medium, the concentration of this substance should affect res- 
piratory activity. That this is so with various fungi has been demon- 
strated by, among others, Maigc and Nicolas, who found that respiratory 
activity increased, within limits, with increasing concentration of sugar. 
It was further shown by Palladin that floating starved leaves of Vida 
faba on sucrose solution greatly increased their respiratory activity, the 
rate of respiration of the starved leaves averaging 89-6 mg. carbon dioxide 
per hour per 100 gm. of leaves, while after floating on sucrose solution for 
2 days in the dark the average rate of respiration was 147-8 mg. carbon 
dioxide per hour per 100 gm. of leaves. 

The relation between concentration of sugar and respiratory activity 
of potato tubers was examined by Hanes and Barker. In the course of an 
investigation on the effect of hydrocyanic acid on the respiration of this 
tissue they found that variations in respiration rate brought about by 
exposure to an atmosphere containing 0-14 c.c. to 0-3 c.c. of hydrocyanic 
acid per litre ran parallel with changes in sugar content of the tissue, and 
it was thought that the respiration rate was directly related to the con- 
centration of sugar. In a higher concentration of cyanide of about 1-5 c.c. 
per litre the ratio of respiration rate to concentration of sugar soon fell, 
a result which is very reasonably attributed to inactivation of enzymes 
concerned in respiration as a result of the cyanide action. 

In dealing with the respiration of potato tubers without cyanide 
Barker found that the investigation of the relationship between sugar 
concentration and respiration was complicated by a temperature effect 
introduced by exposing the tubers to low temperature. Such a treatment 
appeared to have a depressing effect on respiratory activity, an effect 
which lasted for several weeks even after the tubers were transferred to a 
higher temperature. When this depressing factor was not operating, the 
respiration rate appeared to be definitely affected by the sugar concen- 
tration in the way indicated by the work of Hanes and Barker. 

12 
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Salts, Acids, Alkalies and Organic Substances. A considerable number 
of observations have been made on the effect of various inorganic salts, 
acids, alkalies and organic poisons in various concentrations on the res- 
piratory activity of different plants. In general it may be said that small 
concentrations of these substances bring about an increase in respiration 
intensity, while higher concentrations have the reverse effect. 

Reference has been made in an earlier chapter to the work of Lunde- 
g&rdh and Burstrom on the relation of salt absorption to respiration. 
They found that all chlorides examined brought about an increase in the 
respiration of the roots of wheat seedlings. The increase in the respiration 
resulting from the addition of salt they termed anion respiration since 
this was related to the total absorption of anion. An increase of the res- 
piration of thin slices of storage tissues resulting from the presence of a 
salt has been observed by Steward and Preston with potato, by Bennet- 
Clark and Bexon with beetroot and by Robertson with carrot root. 
Steward and Preston found that the bromide, chloride, nitrate and sul- 
phate of potassium all brought about an increase in the respiration of 
potato tuber slices, whereas the bromide, chloride and nitrate of calcium 
all brought about a decrease in respiratory activity. Bennet-Clark and 
Bexon, on the other hand, found that both potassium chloride and cal- 
cium chloride brought about an increase in the respiratory activity of 
beetroot, the effect of potassium being greater than that of calcium. 
Robertson examined the effect of five chlorides, namely, those of potas- 
sium, sodium, lithium, calcium and magnesium and found they all in- 
duced an increase in respiratory activity. However, whereas with the 
monovalent cations the increase in respiration rate was maintained for 
many horns, with the divalent cations the respiration rate soon fell to the 
level of the control or even below it. There would thus appear to be a 
difference in the effects of monovalent and divalent cations. 

Lundeg&rdh and Burstrom distinguish between a fundamental res- 
piration which has nothing to do with a transport of salt into the plant 
and an anion or salt respiration which is closely related to the movement 
of ions into the cell against the concentration gradient. Robertson, 
from a quantitative examination of his results with carrot tissue is 
inclined to agree with Lundeg&rdh and Burstrom on this point. Lunde- 
g&rdh and Burstrom appear to consider the two components of respira- 
tion to be different processes, the fundamental respiration involving a 
manganese catalysis system and the salt respiration an iron catalysis 
system. There is some justification for this view as both Lundeg&rdh 
working with seedling roots, and Robertson working with slices of carrot 
tissue, have found that whereas cyanide inhibits the salt respiration as 
well as accumulation of salt, the ground respiration shows no inhibition 
by cyanide. 

The Effect of Wounding on Respiration. One of the best-known results 
of wounding a plant tissue is a rise in the respiration rate. This was shown 
by Bfihm in 1887 with potatoes when these were cut. Since then the same 
behaviour has been observed in many plant species and organs. In storage 
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tissues such as potatoes and carrots the increased carbon dioxide output 
on wounding is no doubt to be attributed in part to the release of gas 
previously held in the intercellular spaces of the tissues, but apart from 
this, there is a definite increase in respiratory activity as a result of 
wounding, an increase which is not transitory. This increased respiration 
rate appears to be due, at any rate partly, to an increase in respiratory 
activity of cells, previously in the interior of a bulky tissue, on exposure to 
air. It may also be connected with the renewal of growth which frequently 
results from wounding, but the mechanism of the processes involved is 
only imperfectly understood. The wounding of potato tubers by cutting 
results in an increase in the concentration of sugar in the cells in the 
neighbourhood of the wound, and this increase in the concentration of 
the respiratory substrate might account for the increase in respiration 
rate, although it has been argued that this is not so. 

HEAT EVOLVED IN RESPIRATION 

The respiratory process, as has been emphasized, is essentially one 
involving a release of energy, some of which is necessary for the carrying 
out of the vital activities of the organism. But a proportion of the energy 
so released is dissipated as heat, and it might therefore be supposed that, 
as every cell in the plant continually respires, the temperature of the 
plant would be maintained above that of its surroundings. Any difference 
in temperature, however, between the plant and the medium in which it 
lives is generally very slight, and it has been stated that the temperature 
of growing shoots is not as a rule more than 0-3° C. above that of the 
surrounding atmosphere. However, during seed germination and the 
opening of flowers, a considerable development of heat may take place 
and raise the temperature of the plant or organ considerably above that 
of the surrounding air. This was observed to be so by Lamarck in the 
developing inflorescence of Arum italicum in 1778, a finding confirmed 
by de Saussure in 1822 by direct measurement of the temperature. Later 
Kraus observed the temperature developed in the spadix of this species 
to be 27*7° C. above that of the surrounding air. 

The evolution of heat by rapidly respiring tissue is now generally 
demonstrated by means of vacuum flasks, that is, double-walled vessels 
with a vacuum between the two walls, through which the transference 
of heat is very slow. When germinating seeds or opening flowers are 
' placed in such vessels a considerable rise of temperature is readily observ- 
able in many cases. By this means Pierce found that germinating seeds of 
Pimm sativum over a period of 7 days evolved on the average 4-98 Cal- 
ories per day per gram of peas. This value is actually very much smaller 
than that previously observed by Bonnier, namely 59 Calories per minute 
per kilogram of peas, which is equivalent to a rate of 85 Calories per day 
per gram of peas. Bonnier’s observations were, however, carried out over 
short periods of time, for example, 86 minutes, whereas Pierce’s observa- 
tion period was a week. From the amount of carbon dioxide actually 
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eyolved during germination there can be calculated the quantity of energy 
released by the breaking down of that amount of carbohydrate necessary 
to produce that quantity of carbon dioxide. Results that have been 
obtained by calculations of this kind are contradictory. In experiments 
with barley cited by Palladin it was found that the heat evolution actu- 
ally measured during the early stages of germination exceeds that which 
can be accounted for by the oxidation of carbohydrate. It would thus 
appear that the whole of the heat evolved is not to be attributed to the 
respiratory process alone, and that other actions such as those involved 
in the absorption of water by the seeds, contribute also to the evolution 
of heat. The excess of heat evolved over the energy released in respira- 
tion is no longer observable after the germination period is past, and in 
growing stems the reverse is the case. 

THE FATE OF THE ENERGY RELEASED IN RESPIRATION 

The energy released by the respiratory process appears, as we have 
seen, partly as heat. The part played by this in raising the temperature 
of the plant is, for the most part, negligible, and no doubt most of it is 
dissipated by radiation and conduction. The significance of respiration 
must be looked for in the fate of the released energy which is not lost as 
heat. Yet, here, where it is most needed, precise information is wanting. 
The manufacture of many essential substances in the plant, such as 
proteins, fats and the more complex lipoid substances, require energy, 
and it seems probable that the reactions leading to the manufacture of 
these substances may in the first place be linked in some way with the 
actual respiratory processes, and that the actual transference of energy 
may take place through these linked reactions. The movement of proto- 
plasm, and, in some cases of whole organisms, and the passage of sub- 
stances from cell to cell, which often appears to take place against a 
diffusion gradient, requires energy, some of which, at least, has originally 
been provided by respiration. Yet, when all is said, one is left wondering 
whether these activities really afford a complete explanation of the 
universality of the respiratory process. Respiration is an essential pro- 
perty of living matter and is thus met with in every living cell, and it 
would seem that a continuance of respiration is necessary for, or is in- 
volved in, the maintenance of the protoplasm. It may be that, as proto- 
plasm is a system in a state of dynamic equilibrium, it contains substances 
which automatically break down and have to be continually replaced by 
fresh material, for the formation of which a supply of energy is necessary. 

ANAEROBIC RESPIRATION 

When a plant which normally respires aerobically is deprived of 
oxygen, the evolution of carbon dioxide continues, although the rate of 
evolution of this gas may be changed. This evolution of carbon dioxide 
by plant tissue in absence of oxygen has been known since 1797 when it 
was observed with germinating barley by William Cruickshank, although 
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little attention was paid to the phenomenon for about 75 years. It was 
described as ‘intramolecular respiration’ by Pfliiger in 1875, and as 
‘anaerobic respiration’ by Kostychcv in 1902. While both terms are still 
in use, the latter is much more descriptive and unambiguous and is to be 
preferred. 

Anaerobic respiration has been observed in all plants in which it has 
been sought, and which normally respire aerobically, with the possible 
exception of Elodea canadensis. It appears to be immaterial whether the 
tissue is contained in a vacuum or in a gas inert as far as the tissues are 
concerned. Thus seedlings of Vida faba were observed by Wortmann to 
give out carbon dioxide as rapidly in a Torricellian vacuum as in air, 
while they have been found to respire as rapidly in nitrogen and in hydro- 
gen. But from many cases examined it appears that anaerobic respiration 
will not continue indefinitely, though no general statement can be made 
as to how long a plant can survive in absence of oxygen. Chudiakow 
observed that seedlings of Zea mais die in 24 hours at 18° C. in absence of 
oxygen, while it is known that some fruits, such as apples and pears, 
remain alive for months in an atmosphere of nitrogen. 

Along with carbon dioxide, ethyl alcohol is a very common, though 
not universal, product of anaerobic respiration. This suggests at once a 
comparison of anaerobic respiration with yeast fermentation of sugar, 
and the two reactions can thus be roughly expressed by the same equa- 
tion, already given on p. 151. According to this, equal molecular quanti- 
ties of carbon dioxide and ethyl alcohol are produced, and as the mole- 
cular weights of these substances are respectively 44 and 46, the respective 
quantities of the two products should be almost equal in weight (actually 
CjHgOII/COj = 1-05). Actually the quantity of alcohol produced nearly 
always falls short of this theoretical amount, the divergence sometimes 
being negligible but in other cases being very considerable, as some data 
obtained by Boysen Jensen, and summarized in Table XXXIX, show. 
In blue grapes, for example, the ratio in one instance was found to be 

Table XXXIX 


Ratio of Alcohol to Carbon Dioxide produced 
in Anaerobic Respiration 


Plant Material 



C.H.OII/CO, 

Pisum sativum cotyledons 




0*81 

>> » >> 




0*65 

Daucus carota root 




0*91 

»> »» >» • 




0 86 

»» » >» • 




0*72 

Sinapis sp. seedlings 




060 

>» »* • 




0-32 

Vitis vinifera blue grapes 




0 95 

99 » W 99 




0*88 

99 99 99 99 




0*74 

Solanum tuberosum tuber 




0 07 

99 »» »» 




0*02 

99 99 99 




0*00 
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nearly unity, whereas in potato tuber only minute quantities of ethyl 
alcohol, or even none at all, were found. It is possible that the anaerobic 
respiration process takes a different course in different tissues, or that 
ethyl alcohol is actually always formed, but that in some tissues it is 
immediately utilized in some secondary reaction. In either event we 
should expect other substances besides ethyl alcohol to be formed, and 
actually a variety of substances, including a number of aldehydes and 
organic acids, have been identified in anaerobically respiring tissues, and 
have been presumed to result from the respiratory process. 

In recent years a number of writers have preferred the term ‘fermen- 
tation’ on the assumption that the process involved in the evolution of 
carbon dioxide by plant tissues in absence of oxygen is identical with 
those concerned in fermentation by yeast. In favour of this is the now 
well established fact that, even in presence of oxygen, in some tissues 
under certain conditions carbohydrates are broken down to carbon 
dioxide and ethyl alcohol without any consumption of oxygen, so that 
it is not very appropriate to describe the process as anaerobic. On the 
other hand, there are some tissues in which carbon dioxide is produced 
anaerobically, but in which the other end-product of fermentation, ethyl 
alcohol, is not recognizable. This question of nomenclature has excited 
some discussion, and it must be admitted that neither anaerobic respira- 
tion nor fermentation is an ideal description of the processes involved in 
the production of carbon dioxide by the breaking down of a substrate 
without oxygen consumption. At present it must be accepted that both 
terms are in general use. The term zymasis is used by Meirion Thomas to 
denote the breaking down of hexose, by means of the zymase complex of 
enzymes, with the production of ethyl alcohol, and it thus has generally 
the same significance as the terms anaerobic respiration and fermentation. 

The capacity of a plant to survive under anaerobic conditions is 
ascribed to the continuance of its respiration in absence of oxygen. The 
energy released in the breaking down of glucose to carbon dioxide and 
ethyl alcohol is, however, small in comparison with that produced by the 
complete oxidation of the same amount of hexose to carbon dioxide and 
water, the Calories released from a gram-molecule of glucose being re- 
spectively 50 and 686 in the two cases. This means that for every gram- 
molecule of carbon dioxide produced anaerobically 25 Calories are 
released as compared with 114 for every gram-molecule of carbon dioxide 
produced aerobically. Since, moreover, the rate of anaerobic respiration, 
as measured by carbon dioxide output, is rarely as high as that of aerobic 
respiration (cf. Table XL) it is clear that anaerobic respiration is a very 
poor substitute for the normal process as far as release of energy is con- 
cerned. Thus the common idea that anaerobic respiration is of the nature 
of an adaptation of advantage to the plant when deprived of oxygen, is 
scarcely supported by a consideration of these facts. Moreover, under 
natural conditions a shortage of oxygen is only likely to be met with in 
the cases of bulky organs and of roots growing in poorly aerated soils. 
It seems possible that conditions may be different in different organs. 
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In some large fruits, such as those of Cucurbita maxima and C. melano- 
sperma, Devaux showed in 1891 that the internal atmosphere contains 
nearly as high a concentration of oxygen as does atmospheric air. But in 
various storage organs, such as roots of mangold and beet, there is reason 
to believe that the concentration of oxygen is very low and that the rate 
of carbon dioxide output is also very low. Thus Stiles and Dent found 
that if a thin slice of tissue is cut out of such an organ its respiratory 
activity is at first very low and gradually increases to a value many 
times that initially observed, and which is also many times that of the 
average respiratory activity of the whole root. This behaviour can be 
explained as due to the respiratory activity of the cells in the interior of 
the organ being limited to a very low value on account of low oxygen 
concentration and high carbon dioxide concentration, while on access to 
oxygen the respiratory activity increases, the increase being gradual 
because of the necessity for activation of substrate or of enzymes in- 
volved in the respiratory process. Low oxygen and high carbon dioxide 
concentrations were observed in potatoes by Magness and by Boswell 
and Whiting, and in carrots and apples by Magness. It is reasonable to 
suppose that in these relatively inactive tissues only a negligible rate of 
respiration is adequate for the maintenance of vitality. In active tissues, 
on the other hand, the state of affairs must be very different and the 
harmful effect of poor soil aeration on the vitality of most roots suggests 
that anaerobic respiration is not very effective as a substitute for aerobic 
respiration in these organs, although there are species the roots of which 
grow satisfactorily under poor conditions of aeration, and here it may be, 
perhaps, that anaerobic respiration is an effective substitute for the 
normal process. But from a consideration of all the facts we must con- 
clude that anaerobic respiration has no teleological significance in the 
life of the plant and is to be regarded purely as the physical and chem- 
ical consequences of a disturbance of the normal life conditions of the 
plant. 

Reference has already been made to the fact that transference of a 
plant to anaerobic conditions generally results in a lowering of the rate 
of carbon dioxide output. That this is very generally so will appear from 
the numbers obtained some 60 years ago in Pfeffer’s laboratory at 
Tubingen (see Table XL). Of 17 subjects of investigation, only one, 
germinating seeds of Vida faba, respired at the same rate, as measured 
by carbon dioxide output, in hydrogen as in air. 

Transference of aerobically respiring material to an atmosphere of 
nitrogen does, however, sometimes result in an increase of carbon dioxide 
output. This has been observed in apples by F. F. Blackman and Parija, 
while an output of carbon dioxide as high as, or higher than, inat 
occurring in air, was observed by G. R. Hill in the anaerobic respiration 
of a number of other fruits, namely, grapes, cherries and blackberries, 
by Gustafson in the anaerobic respiration of tomato fruits, and by 
Choudhury for carrot roots. Furthermore, if the sugar utilized in aerobic 
respiration is oxidized to carbon dioxide and water, and the whole of 
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that in anaerobic respiration is broken down to carbon dioxide and 
alcohol, it would appear that a more rapid destruction of sugar under 
anaerobic conditions than under aerobic conditions occurs in other 
tissues, for it will be observed that to produce a certain amount of carbon 
dioxide anaerobically three times as much sugar is required as to produce 
it aerobically. Consequently, wherever the ratio of anaerobic to aerobic 
respiration exceeds 0-33 the rate of sugar destruction is greater in absence 
of oxygen. Put in another way it may be said that where the ratio of 
carbon dioxide produced aerobically to that produced anaerobically is 
less than 8 the presence of oxygen lowers, or appears to lower, the rate 
of hexose consumption. This phenomenon is now generally known as the 
Pasteur effect after the famous worker who first observed it. As the 
numbers given in Table XL show, the Pasteur effect is by no means of 
rare occurrence. 


Table XL 

Ratio of Respiration Rates in Hydrogen and in Air 


Species 

Vida f aba . 

Organ 

germinating seed 



Rhvdrocen 

Ralr 

1 03 

Triiicum vulgare . 

seedling 

>» • • 



049 

Cucurbita pepo . 



035 

Sinapis alba 

»» • • 



018 

Brasdca napus . 

»» • • 



025 

Cannabis sativa . 

» • • 



034 

Helianthus annuus 

*» • • 



0 33 

Lupinus luteus . 

>> • 



0 24 

Heracleum giganteum . 

unripe fruit . 



042 

Abies excelsa 

young leafy shoot . 



0077 

Orobanche ramosa 

flowering stem 



032 

Arum maculalum 

»» >» • 



0-615 

Ligustrum vulgare 

leafy shoot 



0-816 

Lactarius piperatus 

fruit body 



0-32 

Hydnum repandum 

99 9f • • 



0256 

CanthareUus cibatus 

99 99 • • 



0-666 

Beer Yeast (on lactose) 

• 

• 


0310 

The values in this table probably have little exact significance, as 


a number of cases examined the rate of anaerobic respiration changes 
with time. Thus Boysen Jensen found that the respiration of both leaves 
of Tropaeolum majus and seedlings of Sinapis alba in hydrogen fell rapidly 
with time, the rate rising again on re-transference to air (cf. Fig. 19). 
The same has been shown by Leach and Dent with young seedlings of 
Rieinus communis, Helianthus annum and Cucurbita pepo (cf. Fig. 20). 
In the apples examined by Blackman and Parija there was also a fallin g 
off in the rate of anaerobic respiration after the initial rise. The actual 
course varies with the physiological type of apple, the fall being more 
rapid and greater with apples which ripen more slowly. The course of 
respiration of an apple of a more rapidly ripening type is shown in 
Fig. 21. Hie values of the respiration- rate in presence and absenoe of 




Fig. 19. — Curve showing the course of respiration of leaves of Tropaeolum majus when 
transferred from air to hydrogen and then back to air 
(Constructed from the data of P. Boysen Jensen) 


air nitrogen air 



Fig. 20. — Curve showing the course of respiration of young seedlings of Helianthus annuua 
when transferred from air to nitrogen and then back to air 
(From W. Leach and K. W. Dent) 



Fig* 21.' — Curve showing the course of respiration of an apple when transferred from air to 

nitrogen and then back to air 
(From W. SUlet sad W. Leach, after F. F. Blackman) 
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oxygen may, as will appear later, shed considerable light upon the 
mechanism of respiration. 

THE CONNEXION BETWEEN ANAEROBIC RESPIRATION AND 
ALCOHOLIC FERMENTATION 

It has already been pointed out that the most frequent product of 
anaerobic respiration, apart from carbon dioxide, is ethyl alcohol, and 
that the substrate and end-products are thus the same as in the fer- 
mentation of sugar by yeast. Now if the two processes of anaerobic 
respiration and fermentation by yeast should be the same, the fact 
would be of considerable importance to the student of respiration, for 
although little direct information is available as regards the mechanism 
of anaerobic respiration, a considerable amount of information has been 
obtained regarding the stages in yeast fermentation. 

Because the substrate and end-products of fermentation and anaerobic 
respiration are the same, it does not necessarily follow that the breaking 
down of sugar in the two processes takes the same course. There is, 
however, evidence suggesting that this is so. Thus the enzyme com- 
plex known as zymase which breaks down hexose to alcohol and carbon 
dioxide in yeast fermentation, was shown in 1903 by Stoklasa and 
Czerny to be present in the cells of higher plants where it would pre- 
sumably effect the same decomposition as in yeast. It has already been 
pointed out in the preceding chapter that zymase is to be regarded as 
a mixture of a number of enzymes each one of which plays its part in 
the breakdown of sugar to alcohol and carbon dioxide in fermentation 
by yeast. Several of these have also been identified in the tissues of higher 
plants. 

Again, Neuberg showed that acetaldehyde is probably formed as an 
intermediate product in fermentation, for, by addition of sulphite to the 
fermenting solution the aldehyde can be fixed as aldehyde sulphite and 
so accumulates. Now Kostychev and his collaborators were able to 
demonstrate the formation of acetaldehyde during the anaerobic respir- 
ation of flowers of Populus, while Neuberg and his co-workers have 
succeeded in fixing acetaldehyde during the anaerobic respiration of 
certain fungi and of germinating pea seeds. There is thus evidence that 
fermentation and anaerobic respiration do actually involve the same 
series of changes. 

THE RELATION BETWEEN AEROBIC AND ANAEROBIC 

RESPIRATION 

The earlier authorities, Nftgeli and Sachs, were of opinion that the 
evolution of carbon dioxide in absence of oxygen resulted from injury 
to the tissues and was thus to be regarded as a pathological phenomenon 
unconnected with normal respiration. Pfeffer, however, suggested that 
normal aerobic respiration involved two stages, or series of stages, the 
first consisting of the breaking down of sugar to ethyl alcohol and carbon 
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dioxide, the second the oxidation of the alcohol, or some precursor of 
the alcohol formed in the first stage, into carbon dioxide and water. 
For the first stage oxygen is unnecessary, so that under anaerobic 
conditions the reaction proceeds as far as the production of ethyl alcohol, 
but there stops as oxygen is required for the production of carbon 
dioxide and water. This theory was made a little more precise by 
Kostychev, whose view of the matter may be made clear by the following 
scheme: 

HEXOSE 



CARBON DIOXIDE + ETHYL ALCOHOL CARBON DIOXIDE + WATER 


The arguments in favour of such a connexion between aerobic and 
anaerobic respiration are these. In the first place all plants which 
normally respire aerobically also respire anaerobically, as far as they 
have been examined, with the one possible exception of Elodea. Secondly, 
the zymase complex which effects the breaking down of hexose to ethyl 
alcohol and carbon dioxide, appears to be present in all plant tissues, so 
that its function would appear to be a normal one in all plants. Next, it 
frequently happens that after a period of anaerobiosis, transference of 
tissue to oxygen results in an increase of the respiration rate to a value 
above the normal. This would be expected if, during anaerobic respir- 
ation, a substance accumulated which formed an intermediate product of 
normal respiration and which would thus be oxidized to carbon dioxide 
and water on exposure to oxygen. It must, however, be admitted that 
this argument is not very cogent as this increase in respiration after a 
period of anaerobiosis is not always observed. It has been suggested that 
where the increase does not occur toxic substances formed during 
anaerobic respiration are responsible for reducing respiratory activity. 
Lastly, acetaldehyde, which it has already been pointed out is probably 
an intermediate product in anaerobic respiration, has also been found 
during normal aerobic respiration. 

Certain arguments have been urged against the view that anaerobic 
and aerobic respiration are connected in the way suggested. Thus Boy- 
sen Jensen pointed out in 1928 that in some tissues the ratio of the rates 
of anaerobic and aerobic respiration falls below 1 : 8 without there 
being any evidence of toxic action in the anaerobically respiring material, 
from which it can be urged that in such cases the sugar split up by the 
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anaerobic process is insufficient to account for the whole of the aerobic 
respiration. Again, the enzyme glucose oxidase, first prepared by D. Mtil- 
ler from Aspergillus niger, catalyses the oxidation of glucose to gluconic 
acid in absence of zymase, and this suggests that the first stage in the 
oxidation of hexose to carbon dioxide and water is not necessarily the 
splitting of the sugar by the action of zymase or one of its constituent 
enzymes. Yet again, it has been shown by Lundsgaard that the action 
of zymase is stopped by monoiodoacetic acid; nevertheless bakers’ yeast 
in presence of this substance can oxidize glucose to carbon dioxide and 
water, although its fermenting power is feeble, from which it can be 
concluded that here also the oxidation of hexose to carbon dioxide and 
water is an entirely separate process from fermentation. 

It thus appears that in certain cases glucose can be oxidized in the 
plant without the intervention of zymase, but at present there is no 
evidence of the extent to which such an oxidation actually takes place, 
throughout the -plant kingdom, and it may be an occasional rather than a 
general phenomenon. In the present state of our knowledge it is generally 
regarded as much more probable that anaerobic and aerobic respiration 
are connected in the manner hypothesized by Pfeffer and Kostychcv, 
and the evidence in favour of this view is fairly convincing. 

THE STAGES IN THE RESPIRATORY PROCESS 

In devising a scheme of reactions to account for the breaking down 
of the respiratory substrate to carbon dioxide and water, it is neces- 
sary in the first place to decide on what is to be regarded as the actual 
substrate. We have noticed that a number of different substances may 
provide material for respiration, such as sugars, starch, cellulose, fats 
and perhaps other substances. It is generally supposed that, whatever 
this material, it is first transformed to hexose sugar, and that this should 
be regarded as the general respiratory substrate. The evidence for this 
view as regards the more complex carbohydrates such as sucrose, starch 
and cellulose, is that along with them hydrolytic enzymes are present 
which can convert these various substances into glucose, while chemical 
analyses show that such hydrolysis does indeed take place. TWhere fat is 
present as a reserve, it is not clear how a conversion of this to sugar 
can take place, but chemical analyses of, for example, fat-containing 
seeds during germination, leave no doubt that there is a conversion of 
fat to sugar in such seeds. 

If we accept the view of Pfeffer and Kostychev with regard to the 
connexion of anaerobic and aerobic respiration, and also agree that 
anaerobic respiration and alcoholic fermentation are the same process, 
then we must suppose that the first stages of normal respiration will be 
the same as those in fermentation and are effected by enzymes of the 
zymase complex. It will therefore be convenient first to review the 
theories which have been held of the course of fermentation or anaerobic 
respiration. 

In dealing with the enzymes of the zymase complex it was pointed 
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out that Harden and Young separated zymase into apoenzyme, co- 
enzyme and phosphate. Not only did they find that fermentation by 
dried yeast or yeast juice is accelerated by phosphate, but that in the 
fermentation compounds of phosphorus and hexose are formed, namely, 
hexose diphosphate and hexose monophosphate. Subsequent work has 
shown that whatever hexose sugar is used the hexose diphosphate is 
always fructose diphosphate, C 6 H 10 O 4 (H 2 PO 4 ) 2 , in which the fructose is 
in the active y or furanose form (p. 117), it is, in fact, fructo-furanose-1, 
6-diphosphate: 

O 

/ \ 

(H,PO s )OH a C.doH CH.CH 2 0(H,PO a ) 

CHOH CHOH 

There is evidence that this phosphorylation of hexose is brought 
about through the action of the enzyme hexokinase (p. 130) on hexose 
in presence of an organic phosphate adenosine triphosphate (p. 191) 
with the formation of hexosemonophosphate (hexose-6-phosphate) and 
adenosine diphosphate. For adenosine diphosphate and adenosine tri- 
phosphate the symbols ADP and ATP are now generally used, so the 
production of hexosemonophosphate by hexokinase can be represented 
thus : 

C.Hj.O, + ATP - C,H n 0 5 (H,P0 4 ) + ADP 

The enzyme phosphohexoisomerase now brings about the formation 
from the particular hexosemonophosphate formed by hexokinase action 
an equilibrated mixture of glucose-6-phosphate and fructose-6-phosphate. 
From the latter, probably by the agency of an enzyme similar to hexo- 
kinasc in its action, a second phosphate group is transferred to the 
fructose-6-phosphatc from adenosine triphosphate with the production 
of fructose diphosphate: 

C 4 H u 0 4 (H,P0 4 ) + ATP = C.H I0 O 4 (H 2 PO 4 ) t + ADP 

During the last 80 years three theories of the course of sugar break- 
down in fermentation have successively been propounded and favourably 
received. The first of these is that of Neuberg. As the first stage in 
fermentation on this theory is the breaking down of hexose the pro- 
duction of this from hexosediphosphate has to be explained. It was at 
one time thought that the effect of phosphorylation was to bring about 
the formation of sugar in the active furanose form, so that after the 
formation of hexosediphosphate (fructofuranose-1, 6-phosphate) this 
substance was enzymatically hydrolysed into active fructose (or fructo- 
furanose) and phosphoric acid. 

On Neuberg’s theory the stages in the breakdown of sugar were then 
as follows: 

1. The breaking up of the sugar molecule into two molecules of 
methyl glyoxal with elimination of water: 

C.H lt O. - 2CHf.CO.CHO + 2H,0 
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An enzyme glycolase effecting this glycolysis 1 has been found in yeast 
and in tobacco leaves. 

2. The methyl glyoxal then, according to Neuberg’s scheme, takes 
part in a Cannizzaro reaction, that is, a reaction between two molecules 
of aldehyde in presence of water, in which one molecule becomes oxidized 
to an acid and the other reduced to an alcohol. In this particular case it is 
supposed that one molecule of methyl glyoxal is oxidized to pyruvic 
acid and the other reduced to glycerol: 

CH..CO.CHO H, CH,OH.CHOH.CH,OH 

+ + || + H,0 = + 

CH,.CO.CHO O CHj.CO.COOH 

Actually, glycerol has been detected as an intermediate product of 
alcoholic fermentation, while there is now evidence that pyruvic acid is 
formed during normal respiration (cf. p. 184). 

8. This decomposition results in the splitting off of carbon dioxide 
with formation of acetaldehyde, thus: 

CH 3 .CO.COOH = CHj.CHO + CO, 

The enzyme bringing about this decomposition, carboxylase, is 
known to be of wide distribution in the plant kingdom (cf. p. 131). 
Moreover, as has already been pointed out, the formation of acetalde- 
hyde during fermentation is a well-established fact. 

4. The nature of the next stage in respiration is probably determined 
by the conditions: whether oxygen is present or absent. In absence of 
oxygen, according to Neuberg’s scheme, a second Cannizzaro reaction 
now takes place between a molecule of acetaldehyde and one of methyl 
glyoxal (pyruvic aldehyde) produced in the earlier stage of the process. 
This reaction leads to the formation of a molecule of pyruvic acid and 
one of ethyl alcohol: 

CH 3 .CO.CHO O CH,.CO.COOH 

+ + II = + 

CH,.CHO H, CH,.CH,OH 

The ethyl alcohol constitutes an end-product of the process under 
anaerobic conditions, while the pyruvic acid is immediately broken 
down by carboxylase to give more acetaldehyde. 

Where, in anaerobic respiration, ethyl alcohol is not produced in 
quantity equivalent to the carbon dioxide evolved, it must be supposed 
that the course of events hypothesized by Neuberg for alcoholic fermen- 
tation is modified in some way. It is significant that modifications in the 
course of yeast fermentation have been effected by Neuberg in various 
ways. Thus addition of sodium sulphite fixes the acetaldehyde as it 

1 The breaking down of hexose in the organism to compounds containing three 
carbon atoms in the molecule is generally spoken of as glycolysis. As the production 
of lactic add from glycogen, hexoses and methyl glyoxal in animal tissues and 
yeast is now generally known as glycolysis, Turner has suggested the term triosis 
to signify the formation from a hexose or a phosphorylated product of a hexose, 
of a compound, other than lactic add, containing three carbon atoms in the 
molecule. 
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is formed, and the reactions therefore stop at the production of this 
substance, and ethyl alcohol is therefore not formed. 

The theory with which the names of Embden and Meyerhof are 
associated arose from the discovery made by the former and his co- 
workers of the presence of phosphoglyceric acid among the products of 
carbohydrate breakdown in muscle and also in alcoholic fermentation. 
According to the Embden-Meyerhof scheme, the stages in sugar break- 
down are as follows: 

1. Hexose diphosphate reacts with glucose and phosphoric acid to 
produce phosphoglyceraldehyde: 

C,H 10 O 4 (PO 4 H,), + C,H u O, + 2H,P0 4 

= 4CH,(P0 4 H,).CH0H.CH0 + 2 H.O 

2. A Cannizzaro reaction then takes place between pairs of phos- 
phoglyceraldehyde molecules to produce the corresponding acid and 
alcohol, phosphoglyceric acid and phosphoglycerol (glycerophosphoric 
acid) respectively: 

CH i (P0 4 H i ).CH0H.CH0 O CH a (P0 4 H,).CH0H.C00H 

4- + || = + 

CH,(P0 4 H,).CH0H.CH0 H, CH,(P0 4 H,).CH0H.CH,0H 

8. The phosphoglyceric acid now breaks down to pyruvic acid and 
phosphoric acid: 

CH a (P0 4 Hj).CH0H.C00H = CH 3 .CO.COOH + h,po 4 

4. The pyruvic acid then breaks down to acetaldehyde and carbon 
dioxide as postulated in Neuberg’s scheme: 

CH a .CO.COOH = CH».CHO + CO* 

5. In Neuberg’s scheme under anaerobic conditions the acetalde- 
hyde is supposed to react with methyl glyoxal (pyruvic aldehyde) in a 
Cannizzaro reaction. In the Embden-Meyerhof scheme a similar reaction 
is supposed to take place between acetaldehyde and phosphoglyceric 
aldehyde produced in stage 1: 

CH..CHO H, CH,.CH,OH 

+ +][=» + 

CH,(P0 4 H,).CHOH.CHO O CH 1 (P0 4 H 1 ).CH0H.C00H 

Thus ethyl alcohol is produced, while the phosphoglyceric acid is immedi- 
ately broken down to pyruvic acid and phosphoric acid according to the 
equation of stage 8. 

The theory of Embden and Meyerhof is thus similar in general lines 
to that of Neuberg, but a more important part is attributed to phosphate. 
In the Embden-Meyerhof theory also, methyl glyoxal is not supposed to 
be an intermediate product, its place in the scheme being taken by 
phosphoglyceraldehyde. 

The increased knowledge of the enzymes present in the zymase 
complex due to the work of Meyerhof and others has led to a further 
change in view of the course of sugar breakdown in fermentation. As in 
both the theories already summarized, the production of carbon dioxide 
by the action of carboxylase on pyruvic acid is still an essential feature 
of the -scheme; also, as in the original Embden-Meyerhof theory, phos- 
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phoglyceric aldehyde is an intermediate product, but the mode of pro- 
duction of this and its immediate fate differ from those postulated in 
that theory. According to current views the course of breakdown of 
hexosediphosphate is through the following reactions: 

1. The molecule of fructose-1, 6-diphosphate is broken down through 
the action of the enzyme aldolase or zymohexase to a molecule each of 
dihydroxyacetone phosphate and phosphoglyceric aldehyde: 

C,H l0 O 4 (H,PO 4 ) 1 = CH a (H,P0 4 ).CO.CH,OH 
dihydroxyacetone phosphate 

+ CH 8 (H 1 P0 4 ).CHOH.CHO 
phosphoglyceric aldehyde 

2. By the action of the enzyme isomerase these two products are 
convertible one into the other so that there results an equilibrated 
mixture of the two of which the greater part consists of dihydroxy- 
acetone phosphate. 

8. The next stage in the fermentation process consists in the oxida- 
tion of the phosphoglyceric aldehyde to phosphoglyceric acid through 
the agency of the enzyme triosephosphate dehydrogenase. As the 
phosphoglyceric aldehyde is removed by the action of this enzyme more 
will be formed from dihydroxyacetone phosphate through the action of 
isomerase. As mentioned earlier, triosephosphate dehydrogenase is an 
enzyme requiring the presence of cozymase or co-enzyme 1 which acts as 
a hydrogen acceptor from phosphoglyceric aldehyde which is thereby 
oxidized: 


CH t (H J P0 4 ).CH0H.CH0 + (cozj + H,0 

= CH,(H,P0 4 ).CH0H.C00H + H, 



where the symbol f Cozl signifies cozymase. 


As previously mentioned (p. 181) this reaction probably takes place 
in three stages involving (i) the formation of diphosphoglyceric aldehyde 
from phosphoglyceric aldehyde and inorganic phosphate, (ii) the oxida- 
tion of the diphosphoglyceric aldehyde to diphosphoglyceric acid, and 
(iii) the transference of one phosphoric grouping from the latter to 
adenosine diphosphate with the formation of phosphoglyceric acid and 
adenosine triphosphate. 

4. The enzyme phosphoglyceromutase now brings about an isomeric 
change in the phosphoglyceric acid whereby the phosphoric acid group- 
ing is transferred from the third to the second carbon atom thus: 

CH i (H.P0 4 ) ch.oh 

• « 

CHOH -► CH(H,P0 4 ) 

• t 

COOH COOH % 

8-phoipboglyoeric add 2-photphoglycerte add 
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5. By loss of water through the agency of the enzyme enolase .the 
2-phosphoglyceric acid is now converted into the enolic form of phos- 
phopyruvic acid 

CH,OH CH, 

II 

CH(H,P0 4 ) = C(II,P0 4 ) + H,0 


COOH COOH 


6. The phosphoric acid grouping is now removed from the phospho- 
pyruvic acid. This dephosphorylation is probably effected enzymatically 
with adenosine diphosphate or adenylic acid as a phosphate acceptor, the 
products thus being pyruvic acid and adenosine triphosphate 


CH, 

|| /OH 

C— O— P%-OH + ADP 
| X> 

COOH 


CH, 

CO + ATP 

I 

COOH 


7. As in the earlier theories of Neuberg and of Embden and Meyerhof 
the pyruvic acid is now broken down to acetaldehyde and carbon dioxide: 

CH,.CO.COOH - CHj.CHO + CO, 

8. Two enzyme systems are known which effect the reduction of 
acetaldehyde to ethyl alcohol. Both require the presence of co-enzyme 1. 
One of these enzymes, aldehydemutase, brings about a Cannizzaro 
reaction by which two molecules of acetaldehyde are converted into one 
molecule of ethyl alcohol and one of acetic acid: 

CH,.CHO H, CH,.CH,OH 

+ + | + 

CH,.CHO O CH,.COOH 

There is, however, no evidence that acetic acid is produced in fermenta- 
tion, and if this action occurs the acetic acid, unlike the ethyl alcohol, 
does not accumulate, and must be immediately transformed into some 
other substance. But although in plants there are present derivatives of 
acetic acid, such as more complex plant acids and amino-acids such as 
glycine which enter into the composition of proteins, there is no sug- 
gestion that the source of these is to be found in a stage of fermentation. 

No such difficulty is presented with the other enzyme bringing about 
the formation of ethyl alcohol from acetaldehyde, namely, alcohol 
dehydrogenase. In presence of reduced co-enzyme 1 this brings about the 
reduction of the acetaldehyde to ethyl alcohol with formation of co- 
enzyme 1: 


CH,.CHO + 


CoZlH, 


CH,.CH,OH + 



and it may be assumed that this is normally the final stage in the process 
of fermentation or anaerobic respiration. As, however, the theoretical 
yield of alcohol is frequently not obtained, being often lower and some- 
times very much lower, than the quantity of carbon dioxide formed, it 
must be concluded that either the final stages are not the same in all 
plants, or that the alcohol must be subjected to some further, though 
unknown, action. 

18 
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Accepting the Pfeffer-Kostychev view of the connexion between 
aerobic and anaerobic respiration it must be supposed that the course of 
aerobic breakdown of sugar must be similar to that of anaerobic break- 
down up to a certain stage at which some intermediate product is 
oxidized if oxygen is present. There is no very definite consensus of 
opinion regarding the course of aerobic respiration but recent work by 
James and his co-workers has provided sufficient information on the 
subject to enable them to put forward a coherent theory covering the 
earlier stages of aerobic respiration and which falls into line with current 
views on the course of fermentation. 

James’s work has dealt largely with the course of glycolysis in the 
barley plant. Like the schemes of the course of fermentation outlined 
above, James’s scheme involves the formation of phosphate esters and 
pyruvic acid as intermediates. As regards the part played by phosphorus 
it was found that the phosphate ester content of barley embryos isolated 
from the grains fell between the second and fourth days after germination 
and that along with this the respiration rate also fell. It was also found 
that the respiration of barley embryos in a culture solution, containing 
an adequate supply of sucrose, progressively increased with progressive 
increase in the phosphate concentration. Also Richards has shown that 
deficiency of phosphorus leads to a reduction in the respiration rate of 
barley leaves. All these observations indicate the importance of phos- 
phorus in respiration. 

Analyses of plant tissue show that although the greater part of the 
phosphorus present is generally in the form of inorganic phosphate, a 
proportion is present in the form of esters which include hexose mono- 
phosphates and hexosediphosphates, while Tank6 showed that pea 
flour brought about the formation from inorganic phosphate of hexose 
phosphates, over 90 per cent, of which consisted of the diphosphate 
fructofuranose-1, 6-diphosphate. A monophosphate, probably fructose- 
1-phosphate, was also produced. Evidence has also been produced by 
James and others suggesting that phosphoglycerate is among the phos- 
phorus compounds present in the expressed sap of barley seedlings which 
was incubated at 80° C. and to which hexosediphosphate had been added. 

Evidence that pyruvic acid is a normal intermediate product in the 
' respiratory process in barley plants has been produced by James and his 
co-workers. Having found that when killed young barley tissue was 
added to a 0*1 M or 0-067 M solution of pyruvic acid this was broken 
down by carboxylase action to carbon dioxide and acetaldehyde, they 
examined the action of poisons which inactivate carboxylase on the 
respiration of barley. Roots treated with such poisons, namely a 0-1 per 
cent, solution of acetaldehyde or 0-8 per cent, solutions of various 
aromatic sulphonic acids, gave a positive reaction when tested for 
pyruvic add, whereas in untreated roots this substance is unrecognizable, 
obviously because the pyruvic acid is removed by carboxylase action as 
it is formed. Further, pyruvic add was isolated as the 2, 4-dinitrophenyl- 
hydrazone from cut leaves treated in the dark with 0-2 per cent. 1-naph- 



RESPIRATION 


185 


thol-2-sulphuric acid. Pyruvic acid has also been isolated from the juice 
of the onion ( Allium Cepa) by E. J. Morgan, who found 0*1084 gm. of 
the acid per 100 ml. of juice. The acid was not, however, detectable in 
the intact bulb. 

Neuberg and Kobel reported that phosphoglycerate was converted 
to pyruvate by preparations from pea and bean and James and his 
collaborators also found that barley sap would bring about the formation 
of pyruvic acid from added hexosediphosphate or phosphoglycerate. 
These observations are consistent with the view that phosphorus com- 
pounds are concerned in the breakdown of sugar to pyruvate. 

James and his co-workers also reported that whereas barley sap, 
which normally contains some hexose, produced little or no pyruvate, 
even when added sucrose was present, addition of adenylic acid brought 
about the formation of pyruvate in significant amount particularly when 
sucrose or glucose was also added. They also found that there was a 
considerable increase in carbon dioxide production when adenylic acid 
was added to barley sap containing sugar and free phosphate; also that 
the addition of hexosediphosphate or phosphoglycerate brought about 
an increase of carbon dioxide output. As a result of these various findings 
James suggests that in the breaking down of sugar (glycolysis) phos- 
phorylation of hexose takes place by means of a phosphate carrier in the 
form of a labile ester such as adenyl phosphate, from which the phosphate 
is transferred to the hexose to form hexosediphosphate and phospho- 
glycerate. There is some evidence that triosephosphate may be an inter- 
mediate between the hexosediphosphate and glycerophosphate since 
esters with the properties of triosephosphates are produced in barley sap 
containing added hexosediphosphate when small quantities of iodoace- 
tate, which inhibits the decomposition of triosephosphate, are present. 
These are then broken down to pyruvic acid with re-formation of phos- 
phate while the pyruvic acid is broken down to acetaldehyde and carbon 
dioxide by the action of carboxylase. 

The formation of the end products in anaerobic and aerobic respir- 
ation has still to be accounted for. The formation of alcohol from 
acetaldehyde in fermentation, according to the Neuberg and later 
schemes has been indicated earlier. Now it has already been mentioned 
that although alcohol is a very usual product of anaerobic respiration, 
the ratio of alcohol to carbon dioxide produced is frequently less than 
unity indicating that some other product or products must be formed as 
well as alcohol. Such products might be formed either along with or from 
the alcohol. 

Little is known of the nature of these products but acetaldehyde 
appears to be among them. Meirion Thomas has shown that under certain 
conditions, even in presence of oxygen, as for example in presence of 
hydrocyanic acid, there is a fermentative breakdown of sugar in apples, 
in which a small but significant quantity of acetaldehyde is produced 
along with the alcohol. James suggests that alcohol may arise by the 
reduction of acetaldehyde by triosephosphate formed as an intermediate 
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in glycolysis (see p. 185). On the schemes for the course of fermentation 
we have already considered the alcohol is produced from acetaldehyde 
in a different way (see pp. 180, 181, 188). 

When we come to the question of the oxidation processes involved in 
normal respiration, we are on much less firm ground. The essential 
characteristic of normal respiration is an oxidation so that the sum of 
the whole respiration process appears to be the complete oxidation of 
sugar to carbon dioxide and water. On the Pfeffer-Kostychev hypothesis 
glycolysis follows the same course under aerobic and anaerobic conditions 
up to a certain stage, when, under aerobic conditions, some intermediate 
or intermediates become subject to oxidation, but it is by no means 
clear what product of glycolysis constitutes the substrate for oxidation. 
If carboxylase should prove to be universally present in plants, and it 
has been identified in a few, including barley, it would suggest that 
glycolysis might proceed as far as acetaldehyde before oxidation pro- 
cesses intervene to alter the course of anaerobic breakdown. The question 
has been discussed by James who mentions the possibility of the inter- 
ruption of glycolysis by oxidation at more than one stage. Since respir- 
ation is adversely affected by iodoacetate, which inhibits the oxidation 
of triosephosphate, he considers that glycolysis in air probably proceeds 
as under anaerobic conditions at least as far as the triosephosphate stage. 

It is reasonable to look for oxidizing agents in respiration among the 
oxidases, the enzymes that bring about oxidation by means of molecular 
oxygen. Of these, catechol oxidase, cytochrome oxidase and ascorbic 
acid oxidase have all been held by one investigator or another to play 
a part in respiration. Boswell and Whiting found that the respiration 
rate of thin slices of potato tuber was considerably increased by the 
addition of a small quantity of 0-04 M catechol, the increase being fol- 
lowed by a fall to a value, in very thin slices into all the cells of which 
the catechol may be supposed to diffuse, of one-third the original rate. 
.This fall is attributed to the inhibition of the oxidase by the oxidation 
product of the catechol. The residual respiration rate varies with different 
tissues and may be even less than one-third of the original rate. In 
experiments with various inhibitors of catechol oxidase Baker and 
Nelson found an even greater reduction of respiration and they consider 
that the whole of the respiration of potato tuber tissue depends on 
oxidase action. 

It will be observed that the initial rise in respiration rate on the 
addition of catechol involves both absorption of oxygen and evolution 
of carbon dioxide, from which it may be concluded that the respiration 
dependent on catechol oxidase is limited by the amount of catechol or 
related phenol present, and that the oxidation of the catechol is involved 
in some mechanism which results in the formation of carbon dioxide. 

As regards the part of the respiration not controlled by catechol 
oxidase Boswell and Whiting could find no evidence of the action of any 
other oxidase and conclude that this may be associated with organic acid 
dehydrogenases. 
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Marsh and Goddard found the respiration of thin slices of carrot root 
was reduced by potassium cyanide, sodium azide and carbon monoxide. 
These are inhibitors of both catechol oxidase and cytochrome oxidase, 
but since the effect of carbon monoxide on the respiration of the tissue 
is reversible in light, and since the inhibition of cytochrome oxidase is 
also reversible in light while that of catechol oxidase is not, these workers 
conclude that part of the respiration of carrot root tissue must be con- 
trolled by cytochrome oxidase and not catechol oxidase. They estimate 
that about 80 per cent, of the respiration is controlled by cytochrome 
oxidase. The residual 20 per cent, is not affected by cyanide so is not 
presumably connected with catechol oxidase, cytochrome oxidase or 
ascorbic acid oxidase. Although the respiration of young carrot leaves 
is affected by oxidase inhibitors in a similar way to that of the roots, 
Marsh and Goddard found that in mature leaves these inhibitors have no 
effect on the respiration, thus indicating that none of the three oxidases 
mentioned control the respiration of these organs. 

Du Buy and Olsen found that the respiration of the oat coleoptile is 
reduced to about half by potassium cyanide in concentrations varying 
from N/3000 to N/100 and they conclude that in this organ also part 
of the respiration is controlled by an enzyme inhibited by cyanide, an 
enzyme which they assume to be cytochrome oxidase, while the other 
part is controlled by an enzyme insensitive to cyanide. Henderson and 
Stauffer also, as a result of an examination of the absorption of oxygen 
by excised tomato roots in presence of a number of inhibitors, found 
considerable reduction of respiration in presence of cyanide and azide, 
and they also conclude that respiration is partly controlled by cyto- 
chromeo xidase. Since iodoacetate, held to be an inhibitor of dehydrogen- 
ases, also brings about a reduction in oxygen absorption, they conclude 
that a dehydrogenase also functions in the respiration of tomato roots. 

From observations on similar lines it has been concluded that at least 
part of the respiration of wheat embryos and seedlings of wheat, barley 
and rice is also controlled by cytochrome oxidase. 

James and Hora, however, who also observed the inhibition of 
respiration in barley by cyanide, consider ascorbic acid oxidase as the 
enzyme responsible for the respiration so inhibited. They found that the 
addition of ascorbic acid to the expressed sap of barley seedlings leads 
to a considerable increase in the absorption of oxygen, and that this is 
completely inhibited by cyanide. Since the sap contained no catechol 
oxidase or cytochrome it was concluded that the ascorbic acid was 
oxidized by ascorbic acid oxidase. 

James, indeed, regards the ascorbic acid oxidase as effecting the 
oxidation of triosephosphate to phosphoglycerate and produces certain 
experimental evidence to support this view. It has already been pointed 
out that James considers triosephosphate an intermediate between 
hexosediphosphate and phosphoglycerate in the course of sugar break- 
down. There is, however, a difficulty here, for if the anaerobic break- 
down follows the course hexosediphosphate, phosphoglycerate, pyruvic 
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acid, acetaldehyde, the production of phosphoglycerate from hexose- 
diphosphate is not brought about by an oxidase as this requires mole- 
cular oxygen for its operation. As we have seen, the intermediate 
substance between hexosediphosphate and phosphoglycerate in fer- 
mentation is supposed to be phosphoglyceraldehyde, the oxidation of 
this to phosphoglyceric acid (or phosphoglycerate) being effected by a 
dehydrogenase action. It is of course possible, though at first sight not 
very probable, that the oxidation of hexosediphosphate to phospho- 
glycerate may occur both in presence and absence of oxygen, the reactions 
involved being different under the two sets of conditions. 

In any event, attempts to connect respiration with oxidizing enzymes 
have produced a variety of conclusions regarding the oxidizing systems 
involved, and catechol oxidase, cytochrome oxidase and ascorbic acid 
oxidase have all been suggested as operative in the oxidation stages of 
respiration. It may be that different mechanisms operate in different^ 
tissues, but at the present time it would be premature to draw any 
definite conclusions on the matter. 

THE PASTEUR EFFECT AND OXIDATIVE ANABOLISM 

It has been pointed out earlier that if the final products of aerobic 
respiration are carbon dioxide and water and those of anaerobic respir- 
ation are carbon dioxide and ethyl alcohol, the rate of carbon dioxide 
output in presence of air should be three times the rate of output of this 
gas under anaerobic conditions. It has also been indicated that quite 
frequently such a relationship is not observed and the ratio of aerobic 
respiration to anaerobic respiration is less than three, suggesting that 
oxygen lowers the rate of glycolysis, an effect known as the Pasteur effect. 

Owing to change in the intensity of respiration with time when 
tissue is subjected to anaerobic conditions it is necessary to follow the 
course of respiration with time in order to obtain precise information 
regarding the relationship of aerobic to anaerobic respiration. This was 
first done with plant tissues by F. F. Blackman and P. Parija who 
described in detail the results of experiments on the respiration of apples 
kept first in air, then transferred to nitrogen, and then back to air. On 
account of the size of the apple fruit there is a considerable time lag 
between changes in the rate of carbon dioxide production by the fruit 
and the time these changes appear in the external medium, but by a 
process of extrapolation it was possible to obtain a value for the rate 
of carbon dioxide output immediately the fruits were transferred from 
air to nitrogen (see Fig. 21). In this way it was shown that the initial 
rate of carbon dioxide output in nitrogen was very much more than one- 
third that in air; indeed it was as much as 1-88 or 1*5 times the rate of 
respiration in air immediately before transference to nitrogen. 

More recently the existence of a ratio of initial anaerobic respiration 
(INR) to final aerobic respiration (FOR) exceeding 0*88 has been 
observed in a variety of plant organs, including fruits such as tomatoes 
(Gustafson), mangoes and guavas (Singh, Seshagiri and Gupta), storage 
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organs such as beetroots, mangold roots, carrot roots and artichoke 
tubers (Turner, Choudhury, Stiles and Dent), and sweet-pea seedlings 
(Genevois). 

Accepting the Pfeffer-Kostychev view of the connexion between 
aerobic and anaerobic respiration, an obvious explanation of the high 
INR/FOR ratios is that oxygen has a retarding effect on the process of 
glycolysis. The evidence is, however, against this for oxygen does not 
retard the action of enzymes of the zymase complex which are con- 
cerned in glycolysis. Blackman therefore concluded that in oxygen there 
may be only a portion of those intermediate substances formed in the 
breakdown of sugar which are completely oxidized to carbon dioxide 
and water, while the rest are built back into the system in a process 
which he termed oxidative anabolism. The value of the ratio INR/FOR 
indicates the amount of this anabolism relative to the total amount of 
sugar broken down in glycolysis. Thus, if under anaerobic conditions 
the final products of respiration are carbon dioxide (CO*) and ethyl 
alcohol (CjjH 6 OH), the Carbon dioxide produce'd contains only one third 
of the carbori in the sugar subject to glycolysis. Hence, if we represent 
the carbon involved in glycolysis as Gl, that in the carbon dioxide 
evolved in nitrogen as NR and that evolved in oxygen as OR, and that 
involved in oxidative anabolism as OA we have 

Gl = 3NR 

and Gl = OR + OA 

Now it was found for apples that 

NR = 1 33 (or 1 5)OR 

whence Gl = 4 (or 4-5)OR 

So that OA = 3 (or 3-5)OR 

that is, for every atom of carbon given off as carbon dioxide under 
aerobic conditions, 3 or 8-5 atoms are built back into some other sub- 
stance which remains in the tissues. It may be noted in passing that a 
similar building back of material has been observed by Meyerhof and 
other workers who demonstrated the production of carbohydrate from 
pyruvic acid or lactic acid in liver and muscle. 

Assuming Blackman’s hypothesis, the amount of oxidative anabolism 
relative to glycolysis varies with different tissues and probably with the 
same tissue at different times. With fruits and storage tissues values of 
the ratio NR/OR varying between about 0-5 and 1*4 are common, 
indicating that from about one-third to three-quarters of the carbon 
involved in glycolysis is subjected to oxidative anabolism. In some in- 
stances, such as seedlings of buckwheat, the ratio NR/OR approximates 
more nearly to 1/8, suggesting that in these seedlings oxidative anabolism 
does not occur. 

Evidence of a somewhat different kind for the occurrence of oxidative 
anabolism has been obtained by Bennet-Clark and Bexon. They find that 
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if slices of a storage tissue such as red beetroot are placed in the expressed 
sap from such tissue there results an increase in respiration rate. They 
trace this effect to salts of organic acids such as malic, citric and succinic 
present in the sap, for when the tissue slices are placed in solutions of 
malate, citrate or succinate of similar concentration (about 0*05 N) to 
that of these acids in the sap there results a similar increase in the rate of 
respiration of the tissue. At the same time the respiratory quotient rises 
from about unity to values between 1-5 and 2-8. Now the respiratory 
quotient if malic or citric acid were completely oxidized to carbon 
dioxide and water would be only 1-33 while with succinic acid it would be 
1*148. Hence the observed quotients are too high for the complete 
oxidation of the acids to explain them even if normal respiration with 
its quotient of unity were completely suppressed; if normal respiration 
is proceeding at the same time the disparity between the observed 
quotients and those which would be given by the complete oxidation 
of the acids is even greater. If, however, the acid is only partly broken 
down to carbon dioxide while at the same time a synthesis of hexose 
takes place, the high respiratory quotient would be accounted for. Such 
a view is supported by the fact that for every molecule of carbon dioxide 
produced about one molecule of acid is lost. Now these acids contain 
four or more carbon atoms in the molecule so that only one-quarter of 
the carbon of the acids appears as carbon dioxide. Bennct-Clark and 
Bexon suggest that hexose may be synthesized so that two molecules of 
malic acid, for example, yield one molecule of hexose and two molecules 
of carbon dioxide: 

2C 4 H,0, = C,H u O, + 2CO a 

Now a dehydrogenase is known in animal tissues which effects the 
oxidation of malic acid to oxalacetic acid, while in some animal cells 
the interaction of pyruvic acid and carbon dioxide occurs in some 
animal cells and bacteria to give oxalacetic acid; if the action is re- 
versible pyruvic acid and carbon dioxide would be formed from oxalacetic 
acid. Also reference has already been made to Meyerhof’s finding of the 
production of hexose from pyruvic acid. Bennet-Clark and Bexon thus 
suggest as a possible course for the formation of hexose from malic acid 
the scheme: 
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It is not to be assumed that malic acid or other organic adds con- 
taining four or more carbon atoms are normal intermediates in respir- 
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ation, although they are of wide distribution in plant tissues. In suc- 
culent plants, where they accumulate during respiration in the dark, 
Bennet-Clark regarded them as side products and not on the direct line 
of breakdown to carbon dioxide. But the possible synthesis from them 
of hexose through pyruvic acid is of significance, for as we have seen, 
pyruvic acid is generally regarded as an intermediate in the respiratory 
breakdown of sugar and it may thus form the starting point for the 
oxidative anabolism hypothesized by Blackman. 


Note on adenosine phosphates. Adenosine is a nucleoside, that is, a 
substance of glycosidic constitution formed by the union of a pentose 
sugar and a nitrogen base, the sugar being d-ribose and the base adenine 
or 6-aminopurine, a substance in which one of the hydrogen atoms of 
the purine molecule (see p. 808) is replaced by — NH,. 

There are three phosphates of adenosine, known as adenylic acid 
(or adenosine monophosphate), adenosine diphosphate (ADP) and 
adenosine triphosphate (ATP). Adenylic acid appears to have the normal 
constitution of an organic phosphate, but to ADP and ATP the following 
formulae are assigned, where A represents the adenosine grouping: 
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The symbol ~ indicates an energy-rich bond, for on splitting off the 
terminal phosphate group a large amount of energy is released, about 
12 Calories per gram-molecule of phosphate as compared with about 
2 or 8 Calories when an ordinary organic phosphate is hydrolysed. 

Adenosine triphosphate appears to be of particular importance in 
metabolism since under the action of the appropriate enzyme the ter- 
minal phosphate group can be transferred to a phosphate acceptor along 
with the energy of the energy-rich bond. Now according to current views 
of the course of fermentation, for every molecule of glucose broken down 
two molecules of ATP are utilized in the phosphorylation of glucose 
(p. 179) but four are formed in subsequent actions: two in the production 
of phosphoglyceric acid (pp. 181, 182) and two more in the formation 
of pyruvic acid (p. 188). There is thus a net production of two molecules 
of ATP for every molecule of glucose utilized. Since the energy of the 
energy-rich bonds of the terminal phosphate groups of these molecules 
has been derived from the glucose molecule, and since this energy can 
be transferred along with the terminal phosphate to other substances, 
we may have here the mechanism for the utilization of energy released 
in fermentation for the synthesis of more complex substances. 
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PLANT METABOLISM 




CHAPTER VII 


PLANT NUTRITION 

The most significant characteristic of the green plant is that it absorbs 
materials of comparatively simple composition from its surroundings 
and builds up from them the manifold complex substances which make 
up, and are present in, its body. These substances absorbed by the green 
plant are not merely non-living, but are inorganic, inasmuch as they 
form no part of the dead bodies of plants and animals. In this respect 
the green plant stands in marked contrast to animals and to non-green 
plants in which the absorbed materials are organic and either form part 
of the bodies of living or dead plants or are substances immediately 
derived from these bodies. The green plant thus forms the starting-point 
for practically all other living things, for it alone, with the exception of a 
few species of bacteria, is capable of transforming inorganic material 
into living matter. The bodies of green plants so produced form the food 
for animals and non-green plants, either directly, or through the medium 
of other animals or non-green plants which derive their food from the 
material provided by the body of the green plant. Traced back to its 
source the food of practically all living things is provided by the activity 
of the green plant. 

Plants thus fall into two groups with regard to their nutrition. Green 
plants, which obtain their food from the inorganic materials of air, 
water or soil, are classed as autotrophic , while those which, like the 
animal, obtain their food more or less ready-made from the bodies of 
other organisms, are described as heterotrophic. The completely hetero- 
trophic plant is devoid of the green substance chlorophyll to which 
autotrophic plants owe their colour and which is essential for their power 
of utilizing inorganic materials from the environment, but there are a 
number of species which are not completely heterotrophic. Thus, in 
addition to the completely heterotrophic plants, which are described as 
parasites and saprophytes according as they derive their food from 
living or dead organic material, there are some green heterotrophic 
plants which manufacture part of their food like the normal green plant, 
but which obtain some of it parasitically from other plants. Such are 
the well-known hemi-parasites mistletoe ( Viscum album), and members 
of the Rhinantheae group of the Scrophulariaceae as, for example, rattle 
(Rhinanthus crista-gaUi) and cow-wheat (Melampyrum pratense). 

By chemical analysis it was shown that certain elements are always 
present in the compounds which make up the body of the plant. These 
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are carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus, potassium, 
calcium, magnesium and iron, while sodium, silicon and a number of 
other elements are usually present as well. From the results of growing 
plants in water cultures, that is, by supplying the roots only with a 
solution of salts of known composition, the conclusion was drawn by 
Sachs and Knop that only the first ten elements mentioned above are 
necessary for the nutrition and growth of plants. Recent work has, how- 
ever, indicated that other elements, notably boron, are necessary for the 
full development of many plants, albeit in only very small quantity. 
The water culture method also helped to prove, beyond a shadow of 
doubt, that not only are water and the sulphur, phosphorus and metallic 
constituents of the plant absorbed through the roots, but that the 
nitrogen is also, and that the carbon alone is absorbed from the air by 
the aerial parts of the plants. 

In our inquiry into the metabolism of the plant it is our aim to 
determine the laws governing the intake of material from the outside' 
world and the fate of this material after it enters the plant. The study of 
plant metabolism must therefore be fundamentally a physical and 
chemical study, for we have to determine the physical and chemical 
processes involved in the absorption of material by the plant and in the 
production of the various substances which make up the plant body. 
In the manufacture of these substances it is clear that we have to do 
in the autotrophic plant with processes of synthesis in which more 
complex substances such as carbohydrates, fats, proteins and even more 
complex compounds are built up from the comparatively simple sub- 
stances absorbed from the environment. Such processes are described as 
anabolic, and the general phenomenon of this building up of substances 
is called anabolism. This contrasts with catabolism in which the more 
complexsubstances are broken down. The principal catabolic process of 
plants is respiration, and perhaps all catabolic processes are actually to 
be regarded as processes of respiration inasmuch as they involve a release 
of energy. The respiratory process, constituting, as it does, a constant 
feature of the living cell, has been treated here as an aspect of cell 
physiology, and it is, of course, impossible to draw a hard-and-fast line 
between what shall be regarded as cell physiology and metabolism re- 
spectively. On the whole, however, the processes of metabolism, such as 
the formation of carbohydrates, the transference of these and other sub- 
, stances through the plant, the absorption of water from the soil and the 
transport of water through the plant, largely take place in strictly limited 
^regions of the plant; in organs, or tissues, that is, specialized in a manner 
'particularly suited for the particular process. 

Since the autotrophic plant absorbs from the outside world com- 
paratively simple substances and builds them up into complex com- 
pounds of higher energy content, it is obvious that it must also obtain 
a supply of energy for this purpose from outside. This energy is pro- 
vided by the sun which thus plays an essential part in rendering plant 
metabolism possible. For the heterotrophic plant, on the other hand, 
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this supply of energy is not necessary, as it is provided in the chemical 
energy of the organic substances absorbed by the parasite or saprophyte 
from the substrate on which it lives. 

The problems of plant metabolism thus include the absorption of 
carbon dioxide by the aerial parts of plants and of water and salts by 
the roots, and the manufacture from these simple substances of carbo- 
hydrates and more complex substances. For a proper understanding of 
how this is brought about it will be necessary to examine the laws 
governing the transport of water and salts through the plant. We must 
also inquire into the fate of the substances produced and examine how 
they are conveyed to their temporary or final destinations in the plant. 
An examination of these questions forms the subject of the following 
chapters in this book. 



CHAPTER VIII 


THE ASSIMILATION OF CARBON BY 
AUTOTROPHIC PLANTS 

The absorption of carbon dioxide by plants and the formation from it 
and water of carbohydrates may be claimed as the most important 
metabolic process of all living things. For it is in this synthesis of carbo- 
hydrate that energy is absorbed from the light of the sun and trans-. 
formed to chemical energy, the substances produced being of higher 
energy content than the simpler substances out of which they are formed. ' 
Thus the production of a gram-molecule of hexosc sugar from carbon 
dioxide and water necessitates the absorption of 674 Calories. It is the( 
energy so stored that is released in respiration for use in other plant j, 
processes sueh as the production of more complex substances, and it is i 
again this same energy which is acquired by the animal when it feeds 
on the materials of the plant body. 

In the assimilation of carbon dioxide and its utilization in the forma- 
tion of carbohydrate, there is thus not only an absorption of material, 
but also of light energy, and hence the process is therefore a synthesis 
which is effected by means of light energy, whence it is now usually 
denoted by the name of photosynthesis y / 

The first information relating to this most fundamental of all plant 
syntheses concerned the interchange of gases between the plant and its 
environment which is the outward sign of the process. In 1771 Joseph 
Priestley showed that air which had become impure through animal 
respiration was purifiedby plant activity, thus indicating the evolution 
of oxygen by plants. ^yl 779 Ingen-Housz had shown that only the 
green parts of plants bring about this purification of impure air and that 
it only takes place in light^By the end of the eighteenth century work by 
Ingen-Housz and Senebier had made it clear that the evolution of oxygen 
was accompanied by an absorption of carbon dioxide. 

^In 1804 de Saussure showed by chemical analysis that the green parts 
of plants absorb carbon dioxide and give out oxygen, and though it has 
often been stated that he found the volume of oxygen evolved was equal 
to the carbon dioxide absorbed, this was not so, and it was actually 
Boussingault who many years later established this relation. The ratio 
of the number of molecules of oxygen evolved to those of carbon dioxide 
absorbed is termed the assimilatory quotient or assimilatory coefficient. 
More recent determinations of it, particularly by Maquenne and De- 
moussy and by Willst&tter and Stoll, have shown that this ratio is unity 
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in a wide range of plants, although in succulents the assimilatory quo- 
tient like the respiratory quotient may show wide deviations from unity, 
a fact related to the peculiar metabolism of these plants. 

Hence in photosynthesis only the carbon of the absorbed carbon 
dioxide is retained. The fate of this carbon was for long in doubt, and, 
indeed, for many years after de Saussure had established the absorption 
of carbon dioxide by leaves, it was not realized that the whole of the 
carbon of the plant was obtained in this way. That this was indeed so 
was strongly advocated by Liebig, while the water culture experiments 
of Sachs and Knop showed without a doubt that plants could be grown 
throughout their whole life-cycle without any carbon being absorbed 
through the roots. 

Although it was suspected by von Mohl that the starch observed by 
him to be present in green leaves arose as an assimilatory product, it was 
Sachs who actually obtained proof that the carbon of this starch was 
provided by the carbon dioxide absorbed by the leaf. Sachs showed that 
starch disappears from leaves kept in the dark for several days and 
reappears when the leaves are again exposed to light. He referred to 
starch as the first visible product of assimilation, but actually quite a 
number of plants, including many monocotyledons and a large proportion 
of the Umbelliferae, Gentianaceae and Compositae among the dicotyle- 
dons, do not form starch. In such plants it has been shown by chemical 
analysis that sugar is produced when the leaves are exposed to light. 
Moreover, although in recent years a contrary opinion has been expressed 
it seems highly probable that even in leaves which form starch this is 
preceded by sugar, and that the starch is to be regarded as a temporary 
reserve substance, accumulating during rapid assimilation when the 
channels of conduction of the assimilatory products of the leaf are insuffi- 
cient for conveying away these products as rapidly as they are formed. 
Thus in 1924 Weevers found that when plants of Pelargonium zonale f 
which have been kept in the dark until the leaves are deprived of carbo- 
hydrate, are exposed to light, hexose sugars are first formed, then suc- 
rose, and finally starch appears. 

If we assume that the first product of carbon assimilation is hexose 
sugar, we may represent the process by the equation 

8CO, + 8H,0 « C,H lt O, + 80, 

This equation, it will be observed, is the reverse of that generally taken 
to represent normal aerobic respiration. As the latter process involves the 
release of energy, so therefore, the assimilatory process involves an intake 
of the same amount of energy, namely, 686 Calories for every gram- 
molecule of hexose sugar produced. While there has been considerable 
argument as to whether one of the hexoses or sucrose, which are known 
to be formed in the assimilating leaf, is the first sugar formed, the evidence 
is rather on tl^e side of the hexoses. It will, however, be observed that the 
assimilatory quotient is unity whatever the substance produced so long 
as it is a carbohydrate. 

14 
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It has been pointed out earlier that every active living cell respires, 
and green leaves and green plant cells generally, when in darkness, absorb 
oxygen and .give out carbon dioxide. It is generally assumed that the 
green parts of plants in light are no exception to the rule that respiration 
is a constant accompaniment of life, so that actually in light two pro- 
cesses precisely opposed to one another are taking place in green cells, 

> one, photosynthesis, consisting of a building up of sugar from carbon 
dioxide and water with absorption of carbon dioxide and evolution of 
oxygen, the other a breaking down of sugar into carbon dioxide and 
water with evolution of this carbon dioxide and absorption of oxygen. 
Although in general assimilation in light exceeds respiration, it may 
happen under certain conditions of weak illumination or low temperature 
that respiration exceeds assimilation. When assimilation exceeds res- 
piration the latter is completely masked, for any carbon dioxide produced 
in respiration is at once utilized for photosynthesis and does not leave the 
assimilating organ, while oxygen evolved in photosynthesis can provide 
all of this gas necessary for respiration. Thus we must distinguish between 
the real and the apparent assimilation, the latter being actually deter- 
mined from the carbon dioxide absorbed by the plant from its environ- 
ment, or the oxygen evolved into it, or from increase in the carbohydrate 
present. This apparent assimilation will be less than the real assimilation 
by the amount of the respiration, which utilizes part of the carbohydrate 
in the organ and of the oxygen evolved, and which provides part of the 
carbon dioxide utilized for photosynthesis. 

Another point to be noticed in this connexion is that there may be 
conditions in which the respiration and assimilation just equal one 
another; there will then be no gaseous exchange between the assimilating 
tissue and its surroundings and no net production or loss of carbohydrate 
apart from any conveyed between the assimilating cells and other parts 
of the plant. 

The chief methods of measuring photosynthesis embody the same 
principles as the methods used for measuring respiration. Either the 
amount of carbon dioxide absorbed or of oxygen evolved is taken as a 
measure of apparent assimilation. To obtain the real assimilation it is 
usual to correct the value obtained for the apparent assimilation by 
adding to it an amount equal to the respiration which takes place in the 
same time when the plant is kept in the dark. This assumes that the 
respiration rate is the same during a period of- illumination as in darkness, 
but while the evidence indicates that respiration is not affected directly 
by light in organs which have no power of photosynthesis, there is at 
least the possibility that photosynthesis, by increasing the quantity of 
carbohydrate in the leaf, may indirectly lead to increased respiration 
rate by increasing the concentration of the respiratory substrate. 

Besides the more usual ways of estimating photosynthesis by measur- 
ing the rate of absorption of carbon dioxide or of evolution of oxygen, 
attempts have been made from time to time to measure photosynthetic 
activity by determining the gain in dry weight of the assimilating tissue. 
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The first measurements of this kind were made by Sachs in 1884 by what 
is known as the half-leaf method. At the beginning of an experiment one 
half of a bisymmetrical leaf is cut off, leaving the other half attached to 
the plant by the midrib. Pieces of the detached half-leaf having a known 
area are then cut out from it, so that the larger veins are avoided, and 
the dry weight of these pieces obtained. The attached half-leaf is simi- 
larly treated after exposure to light for a definite period. In this way the 
gain in dry matter by the leaf over a definite period of time can be calcu- 
lated. The values so obtained have to be corrected not only for respiration, 
but also for the removal of material which may be translocated from 
the attached half-leaf during the period of assimilation. Later workers, 
notably Thoday, have done much towards improving the practice of 
the method, but it does not, in general, approach in accuracy methods 
depending on the measurement of the absorbed or evolved gases. There 
may, however, be occasions on which it may be a more suitable method 
to use. Other variants of the method, in which the gain in carbon, or of 
total carbohydrate, is determined, have been tried occasionally, but have 
not come into general use. 


THE PATH OF ENTRANCE OF CARBON DIOXIDE 

In lower plants devoid of stomata, and in water plants, carbon dioxide 
must penetrate the assimilating organs by entering into solution in the 
outer walls of the surface cells, and then diffusing in solution to the seat 
of the assimilatory process. In vascular land plants, the intercellular 
space system of the leaves is connected with the outer air by the stomata, I 
so that the carbon dioxide can diffuse from the outer air through the ' 
stomata up to the surface of the assimilating cells of the mesophyll, with 
the result that the path of diffusion of the carbon dioxide in solution is 
very short. While the very presence of the stomata suggests that they 
constitute the chief path by which carbon dioxide enters a leaf, the fact 
remains that carbon dioxide enters plants without stomata so tha t 
always there is at least a possibility of the entrance of some carbon 
dioxide through the cuticle of the epidermis. Experiments made by Stahl, 
Meissner and by F. F. Blackman showed, however, that in leaves with 
relatively thick cuticle and the stomata confined to the under surface of 
■he leaf, blocking the stomata of this surface with wax, cocoa butter or 
vaseline prevents the formation of starch in the leaves, thus suggesting 
that no appreciable amount of carbon dioxide diffuses through the cuticle 
•of the upper surface. 

/ More definite information on this point was obtained by F. F. Black- 

f man and by Horace Brown and Escombe, by measuring the rates of 
carbon dioxide absorption by the two surfaces of leaves with different 
distributions of stomata on the two surfaces. Thus Blackman found that 
where the stomata are limited to the lower surface, as in Ampelopsia 
hederacea, Platanus occidentalis and Polygonum sachalinense carbon diox- 
ide only enters the leaf through the lower surface; none enters through 
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the upper surface. But where, as in Alima plantago-aquatica, the dis- 
tribution of stomata on the upper surface is more frequent than on the 
lower, there is a greater absorption of carbon dioxide through the upper 
surface. Some of Brown and Escombe’s results on the same subject are 
shown in Table XLI. 


Table XLI 


Absorption of Carbon Dioxide through the Upper and Lower 
Surfaces of Leaves 


Species 

Colchicum speciosum . 
Rumex alpinus 
Nuphar advenum 
Catalpa bignonioides . 


Ratio of CO a 

Ratio of Stomatio 


absorbed. 

Frequencies. 


Upper 

surface 

Lower 

surface 

Upper 

surface 

Lower 

surface 


. 100 

72 

100 

110 


. 100 

137 

100 

260 


. 100 

0 

100 

0 


0 

100 

0 

100 

m 


These numbers confirm the conclusion that where the stomata are 
confined to one surface practically all the carbon dioxide absorbed by 
the leaf enters through that surface. Where, however, stomata are present 
on both surfaces there is relatively more carbon dioxide absorbed by the 
upper surface per unit of stomatal aperture than by the lower surface. 
This behaviour was not related by Brown and Escombe to any absorption 
of carbon dioxide through the cuticle, on which point, indeed, the results 
from these plants give no information, but to the influence of the higher 
light intensity to which the upper surface was subjected in comparison 
with the lower, in inducing firstly a greater degree of stomatal opening, 
and, secondly, a more rapid assimilation in the palisade cells as compared 
with that in the spongy mesophyll. This would lead to a steeper carbon 
dioxide diffusion gradient over the upper surface, and therefore a more 
rapid entry of the gas into the leaf. From what will be stated later it 
would seem that this latter explanation of Brown and Escombe’s results 
is the more likely. 

As regards the question of the path of entrance of carbon dioxide into 
the leaf it thus appears that where the cuticle is well developed it is 
practically impervious to carbon dioxide, but where the outer walls of 
the epidermal cells are thin and cuticle is only poorly or moderately well 
developed it must be held as likely that some carbon dioxide enters the 
plant through these walls as well as through the stomata. 

Although there can, then, be no doubt that in plants with a well- 
developed cuticle the path by which carbon dioxide enters the leaf is 
limited to the stomata, it is at first sight difficult to understand how 
carbon dioxide can enter the leaf by this restricted path, at the rate 
observed, from a medium with such a low carbon dioxide content as the 
atmosphere. To take a specific example, according to observations of 
Sachs and Thoday, a leaf of Helianthue annum can absorb from the 
normal atmosphere about 014 c.c. of carbon dioxide per sq. cm. of leaf 
surface per hour. The stomata occupy about 8 per cent, of the area' of 
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the leaf surface, so that, if all the carbon dioxide is absorbed through the 
stomata, the rate of diffusion amounts to 4*67 c.c. per sq. cm. of stomata 
aperture. Similar calculations made by Horace Brown and Escombe 
show that in leaves of Catalpa bignonioides the rate of diffusion through 
the stomata may be as high as 7*77 c.c. per sq. cm. of aperture per hour. 
Now these last-named workers found that a normal solution of sodium 
hydroxide under similar conditions only absorbs carbon dioxide from 
stiU air at the rate of 0*12 c.c. per sq. cm. of absorbing surface and at 
the rate of about 0*18 c.c. if the air is in rapid movement. 

The explanation of this anomaly is revealed by a consideration of the 
laws governing the rate of diffusion through small apertures. The question 
was investigated by Brown and Escombe, who determined the rate of 
absorption of carbon dioxide by a normal solution of sodium hydroxide 
contained at the bottom of a flask, the neck of which was closed except 
for a small circular hole of known dimensions. The rate of absorption of 
carbon dioxide was taken as a measure of the rate of diffusion through 
the hole. The results obtained show that over the range of hole areas 
employed, the rate of diffusion is proportional, not to the area, but to the 
diameter, of the aperture. Some of the results are given in Table XLII. 
The third column shows how, with reduction in area of the pore, the rate 
of diffusion per unit area of pore increases, while the last two columns 
show clearly the proportionality between the diameter of the pore and 
the rate of diffusion through it. 


Table XLII 

Rate of Diffusion of Carbon Dioxide through Small Apertures 


Diameter of 
Aperture in 
mm. 

CO, diffused 
per hour 
in c.c. 

CO, diffused per 
sq. cm. of Aper- 
ture per hour 

Relative Areas 
of Apertures 

Relative 
Diameters of 
Apertures 

Relative Rates 
of Diffusion 

22*7 

0 2380 

0*0588 

100 

1*00 

1*00 

1206 

00928 

0*0812 

0*28 

0 53 

0 39 

603 

0*06252 

0 2186 

0*07 

0 26 

026 

3*283 

0*03988 

0*4855 

0028 

0*14 

0*16 

2*117 

0*02608 

0*8253 

! 

0*008 

0093 

0*10 


It is easy to understand how it is that with small apertures the 
‘diameter law’ of diffusion should obtain, if we compare the lines of flow 
of molecules of the gas in the respective cases of open diffusion and of 
diffusion through a small pore. In open diffusion, or diffusion towards a 
large absorbing plane surface, it is clear that over all the middle part of 
the surface the concentration of the carbon dioxide will be the same at 
equal distances from the surface so that the so-called ‘shells’ of equal 
carbon dioxide concentration are plane surfaces parallel to the absorb- 
ing surface and the gas will flow vertically towards the surface. The rate 
of diffusion will here obviously be proportional to the area. But at the 
edges of the absorbing area gas will flow in from the air at the sides of the 



204 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


disk as well as from that vertically above it. Hence at the margins we 
may expect the rate of diffusion or absorption to be greater than over the 
middle part of the area. But since with a large disk the marginal region 
will only form a small proportion of the total area, the rate of diffusion or 
absorption will be practically proportional to the area. With decreasing 
area of an absorbing surface or of an opening, the marginal region forms 
an increasing proportion of the total area, and with a small enough pore 
the marginal region will occupy the whole of the area of the pore, and 
so the rate of diffusion will be proportional to the length of the margin, 
that is, to the linear dimensions of the pore, or, with a circular opening, 
to the diameter. Thus, with decreasing area of the aperture, there is an 
increase in the rate of diffusion per unit area of aperture. For example, 
a reduction in the area of a small pore to one-quarter results in a reduc- 



Fio. 22. — Diagrams to illustrate the lines of flow of the molecules of a gas diffusing through 
a large (L) and a small (S) aperture in a septum 


tion in the rate of diffusion by only one-half, so that the rate of diffusion 
per unit area is doubled. The diagrams in Fig. 22 will help to make the 
matter clear. 

In applying this result to the case of the stomata there are some 
further points to be noted. Firstly, a stoma cannot be regarded as a 
simple perforation in which the depth is negligible in comparison with 
the area, but rather as a tube with a definite length. In this tube a diffu- 
sion gradient of carbon dioxide will be set up, and this will have the effect 
of lowering the rate of diffusion through the stoma. The longer the tube 
the greater will be the retardation, and Brown and Escombe calculated 

that the rate of diffusion in such a case is given by the formula —■ — , 

l + \nr 

where k is the coefficient of diffusion of the gas, p the density of the gas in 
the air just outside the opening, r the radius of the tube and l its depth. 
Hence the deeper the stomatal opening, the slower the rate of diffusion 
through it. 

The second point to be noticed in regard to diffusion through the 
stomata is the possibility of mutual interference in the diffusion through 
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neighbouring stomata. That there is such a possibility will be obvious - 
from the following considerations. Let us suppose that the rate of diffu- 
sion of a gas through an opening 1 mm. in diameter has a value x. Then 
by the diameter law the rate of diffusion under the same conditions 
through an opening 0-01 mm. in diameter is 0 01 x. If, then, a septum the 
size of the larger pore were perforated by 100 holes 0-01 mm. in diameter, 
the total diffusion, provided there was no interference, would equal that 
through a hole of the area of the septum. But actually the holes only 
occupy an area of 0-01 of the whole septum, so that the latter could be 
perforated by many more holes. It is, however, manifestly impossible 
for more gas to pass through a perforated septum than through an open 
pore the size of the septum, hence we must conclude that with multi- 
perforate septum where the holes arc less than a certain distance apart 
there will be mutual interference in diffusion through the pores, and the 
diffusion through a single pore in such a multiperforate septum will be 
less than that through a solitary pore of the same dimensions. Or, ex- 
pressed in a slightly different way, the interference in diffusion through 
neighbouring pores in a multiperforate septum becomes less the further 
removed the pores arc from one another, until when a certain distance 
apart is reached the interference is negligible. This minimum distance 
for non-interference was found experimentally by Brown and Escombe, 
in experiments where the pores were 0 38 mm. in diameter,- to be 10 times 
the diameter of the pore. The numbers in Table XLIII show the results 
of their experiments in which diffusion of carbon dioxide took place 
through multiperforate septa with apertures 0-38 mm. in diameter, but 
varying in frequency. The septa covered tubes 1 cm. long at the bottom 
of which was a solution of sodium hydroxide. 


Tabic XLIII 

Diffusion through Multiperforate Septa 


Number of 
Holes per 
sq. om. 

Percentage 
Area of Holes 
referred to 
Area of Septum 

Distance of 
Holes apart in 
Diameters 

Diffusion of 
CO a through 
Septum per 
hour in c.c. 

! 

.. 

Percentage of 
Septum 
Diffusion 
referred to 
Open Tube 
Diffusion 

Ratio of 
Diffusion to 
Total Area of 
Holes 

- 

100 

11*34 

2*63 

0*433 

56*1 

0*038 

25 

2*83 

5 26 

0*401 

51*7 

0*14 

1111 

1*25 

7*8 

0*312 

40*6 

0*25 

6*25 

0*70 

10*52 

0*241 

31*4 

0*84 

4*0 

0*45 

13*1 

0*156 

20*9 

0*35 

2*77 

0*81 

15*7 


14*0 

0*34 


An examination of these numbers shows that the ratio of diffusion to 
total area of holes increases as the distance between the holes increases 
until the distance apart is about 10 times the diameter of the opening. 
With further increase in distance no further increase in this ratio occurs. 
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It will be observed also that although, up to a point, the efficiency of 
the individual holes increases as their distance apart increases, the total 
diffusion decreases within the limits employed in Brown and Escombe’s 
experiments. 

It is interesting to consider the effect of maintaining this relation 
between the diameter of the apertures and the distance between them, 
while reducing the actual size of the apertures. Then as the size of the 
individual aperture is reduced the actual total pore area remains the 
same for the same total area of septum, but owing to the number of pores 
in unit area varying inversely as the square of the pore diameter, while 



0 02 0-4 0 6 0-B 10 

Proportion of total area of septum 
occupied by pores 


Fio. 28 . — Curves to illustrate the rate of diffusion or evaporation through multiperforate 

septa 

A. Theoretical curve for infinitely large pores. 

B. Pores of 1 sq. cm. area. 

C. „ „ 1 sq. mm. „ 

D. „ „ 2000 p' 

• E. Theoretical curve for infinitely small pores. 

(After B. Huber) 

the rate of diffusion through the individual pore is proportional to the 
diameter itself, it follows that with constant pore area the rate of diffu- 
sion increases with diminution in the size of the individual pore. Experi- 
mental verification of this has been obtained by Huber, whose results 
are summarized in Fig. 28. The curves in this figure show the relation 
between the rate of diffusion through multiperforate septa (in terms of 
free diffusion through an area equal to the whole septum) and the total 
pore area (in terms of that of the whole septum), for septa with different 
sizes and numbers of pores. The area of the pores is indicated with each 
curve. It will be observed that for a given pore area the rate of total 
diffusion increases with diminution in the size of the pores. Where the 
area of the individual pore is only 0 002 sq. mm. the diffusion amounts to 
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about 95 per cent, of open diffusion, when the total area of the pores only 
amounts to 5 per cent, of the total area of the septum. 

Now according to Brown and Escombe, the area of the stoma of 
Helianthus annum is little more than 0*0001 sq. mm., while the total area 
of the pores amounts to about 3 per cent, of the total leaf area. Taking 
these data in relation to the findings of Huber we can see that diffusion 
through the stomata of Helianthm annum will be practically as rapid 
as free diffusion through an aperture of the size of the leaf. The data 
given by Lloyd for the stomata of Verbena ciliata (see p. 279) are very 
similar to those obtained for Helianthm annum. 

From mathematical considerations Jeffreys concluded that there 
must be mutual interference in diffusion through a multiperforate septum 
tivAl 

if — j- exceeds (roughly) unity, where n is the number of perforations per 

unit area, r the radius of the perforation, A the area of the septum and 

l of the order of the linear dimensions (e.g. diameter) of the septum. 

Applying these results to the case of the leaf of Helianthm annum, the 

number of stomata per unit area is about 33,000, the radius of the stoma 

.A. TIT A. 

may be taken as 0-00053 cm., and — about 3 cm., giving a value of — — 

21 % 21 

of about 50. This means that the stomata of this plant would have to 
close until their diameters were only 5 -' b - that of the fully open stomata 
before mutual interference in diffusion ceased. The difference between 
this conclusion and that of Brown and Escombe is due to the difference 
in the dimensions of the pores in the latter’s experimental septa and in 
those of the stomata. As a matter of fact, taking into account the approx- 
imations made by Jeffreys in obtaining his formula, Brown and Escombe’s 
-^experimental results fall fairly into line with Jeffreys’ conclusion. 

Jeffreys’ conclusion is of great importance, and further references 
will be made to it in dealing with transpiration in the next chapter. Here 
it may be pointed out that Brown and Escombe themselves observed 
that stomata can close to ^ of their diameter without assimilation of 
carbon dioxide being affected. 

Another point to be noted in regard to diffusion through small per- 
forations is the effect of a wind outside the perforations. 

Jeffreys came to the conclusion that in moving air the absorption by 
the stomata will be much the same as if the whole leaf were absorbing. 
In this case the rate of absorption will be proportional to l 1 * 5 , where l is a 
measure of the linear dimensions of the leaf, if the distribution and size of 
the stomata are similar to those of Helianthm annum. But if the total 
area of stomatal aperture per unit area should be much less, or air velocity 
very high, each stoma may act independently, in which case the diameter 
law would hold. 

From the work summarized above we may conclude that in plants 
like Helianthm annum, which are well provided with stomata, absorp- 
tion of carbon dioxide can take place through the latter practically as 
rapidly as if the whole leaf were an absorbing surface, and that closure of 
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stomata can take place to a very considerable extent without thereby 
bringing about any appreciable reduction in the rate of entrance of 
carbon dioxide into the leaf. Where the stomata are smaller or less 
frequent (cf. Table LIV, p. 272), as, for example, in Oxalis acetosella , the 
closure of the stomata will reduce the rate of diffusion into the leaf much 
more readily. 

There is no doubt that the rate of diffusion of carbon dioxide through 
a multiperforate septum is increased if the gas containing the carbon 
dioxide is in movement over the septum. Deneke examined this question 
with artificially prepared multiperforate septa of paraffined cardboard 
and zinc foil, but also with what he called ‘natural’ multiperforate septa. 



Fig. 24. — Curves showing the effect of wind velocity on the diffusion of carbon dioxide 
through a multiperforate septum 

(After H. Deneke) 


These consisted of pieces of epidermis of Ficus elastica, which were fixed 
with the stomata wide open. In all the septa used, wind brought about 
an increase in rate of diffusion, the latter being measured, as in Brown 
and Escombe’s experiments, by absorbing the diffused carbon dioxide 
with potassium hydroxide. 

In Fig. 24 (Curve S) are shown Deneke’s results on the influence of 
wind velocity on diffusion of carbon dioxide through a septum having an 
area of 24*5 sq. mm. with pores 0*4 mm. in diameter set at 10 diameters 
apart. It will be observed that the rate of diffusion increases at first 
rapidly with increasing wind velocity, but that when a velocity of 800 
metres per minute is reached further increase in wind velocity has only 
a negligible effect. In the same figure is shown by curve F the effect of 
wind on absorption of carbon dioxide by a free surface; that is, by the 
potassium hydroxide solution when the septum is removed. Here the 
result is on the whole similar, although not so marked, and the maximum 
value of diffusion is reached with a lower wind velocity. Deneke’s results 
thus agree on the whole with Jeffreys* calculations previously mentioned. 
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THE ASSIMILATORY PIGMENTS 


Already before the end of the eighteenth century it was recognized 
that the evolution of oxygen in light only takes place from the green 
parts of plants. Microscopical examination shows that the green pigment 
is not diffused throughout the cell, but is localized in the small bodies 
known as chloroplasts. In higher plants these are ellipsoidal, disk-shaped 
or biconvex lens-shaped, and there are several or many of them in each 
cell. In the brown algae the coloured plastids are similar in size, having a 
diameter of the order of 5 ft, but are brown in colour owing to the presence 
of a brown substance in addition to the green. In many green algae, on 
the other hand, the pigment is contained in comparatively large chloro- 
plasts of which there are a few, or even only one, in each cell. The chloro-. 
plasts are surrounded by protoplasm and are to be regarded as part of it,' 
that is, as part of the living mechanism of the cell rather than as non- 
living inclusions in it. 

The pigments to which the green colour is due had actually been 
extracted by Nehemiah Grew in 1689, but the name chlorophyll was 
first given to the green substance by Pelletier and Caventou in 1818. 

Grew had already shown that both a green and a yellow substance 
could be extracted from leaves, and numerous researches since 1860 have 
confirmed the presence of both green and yellow pigments in the assimi- 
lating cells, but it was the brilliant work of Willstatter and Stoll and 
their collaborators carried out during the years 1906 to 1913 that estab- 
lished the nature of these pigments, their physical and chemical proper- 
ties and much concerning their molecular constitution. The principle 
used by Willstatter and Stoll for the separation of the constituent pig- 
ments of the mixture known broadly as chlorophyll was that of the 
different solubilities of the various pigments in different solvents, so that 
if a mixture of the pigments is added to a system consisting of two 
immiscible solvents there is a more or less complete separation of the 
pigments between the two solvents. By elaborating methods based on 
this principle Willstatter and Stoll separated from the leaves of flowering 
plants and the thalli of green algae two green pigments which they 
termed chlorophyll a and Chlorophyll b and two yellow pigments carotin 
(now generally written carotene) and xanthophyll, both of which had 
been known for many years. To these four substances they attributed 
the following formulae: 


Chlorophyll a 
Chlorophyll b 
Carotin 
Xanthophyll 


C*»H 71 0,N 4 Mg. 

C„H, 0 O,N 4 Mg. 

c 4 ,h m 


C 4 #Hj 4 0j 


The mixture of the two green pigments is generally referred to simply as 
chlorophyll, while the yellow pigments are known collectively as caroti- 
noids or carotenoids. 

In the brown algae Willstatter and Stoll concluded that at least 97 
per cent, of the chlorophyll consists of chlorophyll a, while they found 



210 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


the brown colour of these plants was due to the presence in the chromato- 
phores of a third carotenoid in addition to carotene and xanthophyll. The 
existence of this pigment in brown algae was demonstrated spectro- 
graphically by Sorby in 1878 and the name fucoxanthin given to it. In 
1914 it was isolated and examined by Willstatter and Page who ascribed 
to it the formula C 40 H M O«. 

While Willstatter and Stoll were carrying out their researches, Tswett 
devised an ingenious method for separating the leaf pigments. An extract 
of the leaf pigments was allowed to percolate through a column of pow- 
dered chalk or some other adsorbent with the result that the different 
pigments were adsorbed in succession, so that the respective pigments were 
held in different layers of the column. This method of separating the leaf 
pigments was called by Tswett the chromatographic method and the 
stratified column of adsorbent with adsorbed pigments a chromatogram. 
In the chromatogram of the leaf pigment extract Tswett distinguished 
six layers, two green due to the two chlorophylls, and four yellow, 
which he regarded as due to four different xanthophylls, for the carotene 
was not adsorbed. Tswett also effected the chromatographic separation 
of the fucoxanthin of the brown algae. 

As regards the pigments of green leaves the conclusions of Tswett 
differed from those of Willstatter and Stoll in regard to the number of 
xanthophylls. Subsequently evidence for the existence of four xantho- 
phylls in the perianth leaves of a variety of Narcissus was found by Miss 
Coward. More recently Strain, using an improved chromatographic tech- 
nique, in which magnesium oxide was used as adsorbent, has confirmed 
that the xanthophyll of green leaves involves a number of components, 
the principal one being lutein, which also occurs in the yolk of eggs, and 
which is probably identical with the greater part of the xanthophyll 
isolated by Willstatter and Stoll. Other yellow pigments, containing 
oxygen, of leaves and green algae arc cryptoxanthin, zeaxanthin, viola- 
xanthin, flavoxanthin and neoxanthin. 

According to Mackinney the carotene of green leaves is a mixture of 
two nearly related isomers, a-carotene and /J-carotene, the latter being 
the more abundant. 

It has already been mentioned that in the brown algae Willst&tter 
and Stoll found that chlorophyll b was either absent or present in very 
small amount, at least 97 per cent, of the green pigment consisting of 
chlorophyll a. It was first suggested by Stokes in 1864 that these algae 
contained a third chlorophyll component, but it was generally supposed 
by subsequent workers, including Willstatter and Page, that this was a 
decomposition product of chlorophyll a. However, by spectroscopic 
observations and chromatographic analysis Strain and Manning con- 
cluded that the brown algae do contain a chlorophyll component in 
additioh to chlorophyll a and differing from chlorophyll b. To this the 
name chlorophyll c has been given; earlier names given to it were chloro- 
fueine and chlorophyll y. It forms only a small proportion of the total 
quantity of chlorophyll. Strain and his collaborators have found that in 
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the diatoms and dinoflagellates also the second chlorophyll component 
is chlorophyll c. 

In these forms the range of xanthophylls present differs from that in 
the higher plants and green algae, while a-carotene also appears to be 
absent, the whole of the carotene in the brown algae and dinoflagellates 
being ^-carotene. In the diatoms, however, a third carotene, e-carotene 
has been recognized. 

In the red algae, according to Manning and Strain, both chlorophyll b 
and chlorophyll c are absent, but in addition to chlorophyll a, a fourth 
chlorophyll which they name chlorophyll d, is present. Among the carote- 
noids both lutein and /5-carotene have been recognized. In addition to 
these green and yellow pigments a red pigment phycoerythrin, and some- 
times a blue pigment as well, phycocyanin are present. These two 
pigments are closely related chemically, phycocyanin appearing to be an 
oxidized form of phycoerythrin, and they may bear the same relation- 
ship to one another as chlorophyll a and chlorophyll b, or the carotenes 
and xanthophylls. The composition of the pigments of the red algae is 
still in some doubt but according to analyses by Lemberg they are com- 
pounds of protein with a colour-carrying group. The latter, in phyco- 
erythrin, he found had a formula of Cj^LtOgN*, and that it appeared 
to be related chemically to bile pigments. On account of this relationship 
phycoerythrin and phycocyanin have recently been called phycobilins. 

Chlorophylls 

The chlorophylls of green leaves and green algae as isolated by Will- 
statter and Stoll, are both microcrystalline substances, the former blue- 
black in the solid state and green-blue in solution, the latter a green-black 
solid giving a pure green solution. They both dissolve in various organic 
solvents, although they exhibit a certain differential solubility in different 
solvents, a property of which use is made in their separation. These 
solutions exhibit a characteristic red fluorescence. Both chlorophylls have 
characteristic absorption spectra. That of chlorophyll a exhibits a strong 
band in the red, four bands in the yellow and green decreasing progres- 
sively in strength with a stronger band still in the indigo blue and a very 
strong absorption at the violet end of the spectrum. The absorption 
spectrum of chlorophyll b is very similar to that of chlorophyll a, but 
there are two absorption bands in the red, five in the yellow and green, a 
strong absorption band in the blue and here also strong absorption at the 
violet end of the spectrum. 

The composition of neither chlorophyll c nor chlorophyll d is yet 
known. Chlorophyll c is a pale green substance with properties very 
similar to those of chlorophylls a and b. Chlorophyll d, in methyl alcoholic 
solution is intermediate in colour between chlorophyll a and chlorophyll 
b. Like these it contains magnesium, and on treatment with acid gives a 
mixture of two interconvertible phaeophytins (cf. p. 212). The absorption 
spectra of both chlorophyll c and chlorophyll d differ from those of both 
chlorophyll a and chlorophyll b. A colloidal solution of chlorophyll in 
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water can be obtained. Such a sol is pure green in colour and does not 
fluoresce. Some divergence of opinion exists as to whether chlorophyll 
in the living leaf is present in true or in colloidal solution. Stern’s view, 
for example, was that the chlorophyll is present in true solution in the 
fatty phase of the chloroplasts, the chlorophyll-fatty phase being dis- 
persed either as an emulsion or emulsoid through an aqueous-protein 
phase. 

Later an investigation of this question was carried out by a group of 
workers, a brief account of which was given by Bass Becking. Prom an 
examination of the absorption spectra of chlorophyll in the plastids and 
in a variety of solvents, and from a study of its colloidal properties, it is 
concluded that chlorophyll cannot be present in the plastid either in 
true or colloidal solution or in the dry state. A study of the properties 
of chlorophyll indicates that it can form adsorption compounds with 
both hydrophilic and lipophilic compounds, such as proteins and fatty 
compounds respectively. Further, microscopic observations on plastids 
in red light indicate that the chlorophyll is discontinuously distributed 
in the outer part of the plastid. It is therefore suggested that chlorophyll 
is held in the peripheral region of the plastid in the form of small 
particles in adsorptive association with both protein and fatty material. 

Stoll thinks the chlorophyll exists in combination with a colloidal 
carrier in the form of a ‘symplex’, chloroplastinsymplex, comparable to 
those which, on Willstatter’s hypothesis (cf. p. 113) constitute enzymes. 
Just as enzymes owe their activity to this type of construction, so does 
chlorophyll, which can therefore be regarded as a specific assimilatory 
enzyme. The view that chlorophyll is associated in this way with protein 
actually goes back to 1886 when it was suggested by Reinke. It still, how- 
ever, remains no more than an hypothesis. 

The chlorophylls ( a and 6) are neutral substances acted upon by acids 
and alkalies to give a series of definite decomposition products. The 
phaeophytins (a and b) are produced by the action of dilute acids on 
chlorophylls. They are olive-green substances containing no magnesium, 
this being replaced by hydrogen. By suitable treatment this hydrogen 
can in turn be replaced by other metals, so that compounds resembling 
chlorophyll, but in which the place of magnesium is taken by some other 
metal, are produced. The bright green copper chlorophyll is the easiest of 
these compounds to prepare. When the phaeophytins are treated with 
alkalies there are produced nitrogen-containing acids and a nitrogen-free 
alcohol, phytol, with a formula C t0 H s ,OH. 

When a mixture of the chlorophylls themselves is heated with alkali 
the green colour changes first to brown and then back to green. This 
reaction constitutes a test for chlorophyll known as the brown phase test. 
The brown colour is actually produced by the mixture of the yellow 
produced by chlorophyll a with the red produced by chlorophyll b. 

In many plants there appears to be present an enzyme, chlorophyllase, 
which can act in alcoholic media and split off the phytyl group 
from the chlorophyll molecule, the residue of which combines with the 
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ethyl group of the alcohol. Thus in the case of chlorophyll a we can express 
the action of chlorophyllase by the equation 

(MgN 4 C M H, 1 0 !l )(C00C„H„) + C,H,OH = 

(MgN 4 C, 4 H M O s )(COOC,H,) + C lt H„OH 

A similar reaction takes place with chlorophyll b. These new ethyl 
compounds form green crystals, and the mixture of the two had been 
frequently mistaken for chlorophyll in the past and was known as crystal- 
line chlorophyll. The names given to these compounds by Willstatter are 
ethyl chlorophyllide a and ethyl chlorophyllide b. Similar compounds are 
formed with methyl alcohol. These substances are more readily obtained 
from some plants than from others; among those giving crystalline 
chlorophyll easily, and which are therefore presumed to be rich in chloro- 
phyllase, are Heracleum sphondylium, Stachys sylvatica and Galeobdolon 
tetrahit. 

Carotenes 

The carotenes are hydrocarbons with the formula C 40 H S4 . A carotene 
molecule consists of a chain of 18 carbon atoms with alternate single and 
double linkages, each chain terminating in a six carbon atom ring. Four 
carbon atoms of the chain have CH S groups attached while others are 
attached to carbon atoms in the terminal rings. Another double bond 
occurs in each of the terminal rings. The a and /? isomers only differ in a 
slightly different arrangement of the atoms in one of the terminal groups. 
Owing to the presence of the 11 double bonds the carotenes are unsatur- 
ated compounds. They readily absorb oxygen, thereby losing their 
colour. Both « and p carotenes along with a number of others, are present 
in carrot roots and give the colour to those organs. The spectra show two 
absorption bands in the blue with absorption also at the violet end of the 
spectrum. 


Xanthophylls 

The name xanthophyll was originally given by Berzelius in 1887 to 
the yellow pigment extracted from leaves in autumn. It has already been 
noted that the researches of Tswett and of Strain and his collaborators 
have established the existence of a number of related pigments which 
have been called collectively xanthophylls. Of the three yellow pigments 
isolated and studied by Willstatter and Stoll, and which they called 
carotene, xanthophyll and fucoxanthin, the two latter were found to con- 
tain oxygen and the formulae CuHt'Ot and C 40 H 5t O 4 were ascribed to 
them. The work of Strain showed that the xanthophyll of Willstatter 
and Stoll was principally lucein, the most important of the yellow leaf 
pigments containing oxygen. Of the others present zeaxanthin is an 
isomer of lutein, while cryptoxanthin, flavoxanthin and violaxanthin 
possess formulae of C 46 h m O, C 40 H 84 O, and C 40 H m O 4 respectively. Strain 
uses the term xanthophyll to include any oxygen derivative of carotene, 
so all these substances, as well as fucoxanthin and some twenty-five 



214 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY* 

other substances isolated from plant and animal material are included in 
the xanthophylls. 

The structure of the molecules of some of the xanthophylls, including 
cryptoxanthin, lutein and zeaxanthin, has been determined. The mole- 
cule of these is similar to that of the carotenes except that oxygen is 
present in the terminal groups. In cryptoxanthin, lutein and zeaxanthin 
the oxygen forms part of -CHOH groups in the terminal rings, so that 
the substances are alcohols. For this reason it has been suggested that 
the xanthophylls should be called carotenols, since they are hydroxyl 
derivatives of carotene; on the other hand in some of the xanthophylls, 
as, for example in the rhodoxanthin of the aril of the yew, the oxygen is 
attached by a double bond to a carbon atom of the terminal ring, so that 
the oxygen is contained in a ketone group. The presence of the double 
bonds means that the xanthophylls are unsaturated substances, and they 
rapidly absorb oxygen from air losing their colour in the process. 

The xanthophylls give absorption spectra with generally two well- 
| marked bands in the blue and absorption at the violet end of the spectra; 
the spectra of the different xanthophylls differ, but the actual position 
of the bands depends on the solvent in which the pigment is dissolved. 

The absolute and relative quantities of the pigments vary in different 
groups of plants. The results of some of the analyses of Willstatter and 
Stoll are given in Table XLIV. In general among flowering plants the 
chlorophyll content of the leaves of plants characteristic of shady habitats 
is greater than that of plants of sunny habitats, while the ratio of chloro- 
phyll b to chlorophyll a is also higher in shade plants than in sun plants. 

Table XLIV 


Quantities of Pigments present in Different Assimilatory Organs in 
parts per thousand of Fresh Weight 


Pigment 

Green Leaves 
(average) 

Ulva lactuca 

Fucus 

Chlorophyll a ... . 

20 

0165 

1 0*528 (at least 97% is 

Chlorophyll b ... . 

0-75 

0 117 

j chlorophyll a) 

Carotene 

017 

0024 

0*089 

Xanthophyll .... 

033 

0064 

0*087 

Fucoxanthin .... 

— 

— 

0169 


It will be observed that the green alga Viva only contains about one- 
tenth of the chlorophyll, estimated on fresh weight, of that in a green 
leaf. 


THE CONDITIONS INFLUENCING PHOTOSYNTHETIC ACTIVITY 

By the time of de Saussure it was clear that a supply of carbon 
dioxide, light, and the green pigment of the leaf, were all necessary 
conditions for photosynthesis. To these we may at once add a suitable 
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temperature, and some protoplasmic factor apart from chlorophyll, since 
carbon dioxide, water and chlorophyll exposed outside the living cell to 
light at ordinary temperatures do not give rise to any carbohydrate. 
It is not known what this factor is, but it might quite possibly be an 
enzyme. The essential factors for photosynthesis thus include three of 
the environment, or external factors, carbon dioxide supply, light and 
temperature, and two internal, chlorophyll and an unknown protoplasmic 
factor. There is also the factor of water supply, for water is a neces- 
sary material for the production of carbohydrate from carbon dioxide. 
Although the supply of water to the roots is to be regarded as an external 
factor, in reality the factor concerned in the actual photosynthetic 
process is the water content of the leaves, and this is undoubtedly an 
internal factor. 

Since these factors are all necessary for the incidence of photosyn- 
, thesis, it is likely that on their magnitude will depend the rate of the 
/ process. Earlier work directed to determining the relationship between 
any of the external factors and photosynthetic activity nearly always 
revealed with increasing value of the factor a corresponding increase 
in the rate of photosynthesis up to a maximum, above which the rate 
of photosynthesis fell with further increase in the value of the f&ctor 
until the rate of photosynthesis was zero. Thus arose the conception 
that for every factor there were minimum, optimum and maximum 
values, the optimum value being that at which the rate of photosyn- 
thesis was highest, the minimum and maximum values marking the 
limits within which photosynthesis could proceed. It had, however, to 
be admitted that the optimum was not a fixed point, that it varied, not 
only from one species to another, but also in the same plant according 
to the other conditions. Moreover, as we shall see, the falling off in 
rate above the optimum results from some secondary effect, generally 
of the factor on the protoplasm, and as the extent of this falling off 
increases with the length of time the factor acts, the observed rates of 
photosynthesis will depend on the length of time over which measure- 
ments are made. It may thus be difficult in practice to fix a value for 
the optimum even with a defined set of conditions. 

The inadequacy of this older view of the relation between factor and 
rate of photosynthesis was emphasized by F. F. Blackman in 1905. 
Blackman pointed out the necessity of taking into account the other 
factors of photosynthesis when the influence of one particular factor is 
being examined. Let us suppose, for example, that we are examining 
the influence of carbon dioxide concentration on the rate of photo- 
synthesis. We should expect that as the concentration of carbon dioxide 
in the atmosphere is increased from zero there would be an increase in 
the rate of photosynthesis, and we may for the sake of simplicity sup- 
pose that the rate of photosynthesis is proportional to the concentration 
of carbon dioxide. But for the production of carbohydrate it is necessary 
that light energy should be absorbed, and if the leaf is assimilating in 
weak light it may be that as the concentration of carbon dioxide is 
15 
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increased a point will be reached at which the energy supplied in unit 
time is just sufficient to utilize the whole of the carbon dioxide entering 
the leaf in that time. With further increase in carbon dioxide concentra- 
tion no more carbon dioxide can be decomposed in unit time because the 
energy supply is insufficient to decompose any more; consequently, in 
spite of the increased diffusion gradient of carbon dioxide there can be 
no increase in its rate of absorption and utilization. The intensity of 
illumination is thus limiting the rate of the whole process, and increase 
in carbon dioxide concentration can only bring about an increase in 
rate of photosynthesis if the light intensity is also increased. This inter- 
action of two factors is represented graphically in Blackman’s scheme 
shown in Fig. 25. Here the curve ABC shows the relation between carbon 
dioxide concentration and rate of photosynthesis in one unit of light, 
carbon dioxide concentration limiting the rate over the part AB and 



Fio. 25. — Curves to illustrate Blackman’s conception of the operation of a limiting factor 

(After F. F. Blackman) 

light intensity over the part BC. With double light intensity the rate of 
photosynthesis will be able to attain a value twice that possible with one 
unit of light intensity, and so under these conditions the curve takes 
the form ADE and with three units of light intensity AFG. Thus in 
order to determine the effect of one factor on the rate of photosynthesis 
it is necessary not merely to keep the others constant, but to ensure 
that they are in excess, otherwise the rate of photosynthesis will be 
determined by one of these others. But while, in practice, the value of the 
external factors of light, carbon dioxide concentration and temperature 
can be controlled, it is not possible to alter at will the internal factors of 
chlorophyll content and the protoplasmic factor. 

While the introduction of the conception of limiting factors did great 
service in calling attention to the interaction of the various factors, it is 
now clear that their mode of interaction is not so simple as that sug- 
gested by the scheme expressed graphically in Fig. 25. Actually the 
curves connecting the value of a factor which is varied with the rate of 
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photosynthesis with other factors constant rarely exhibit a sharp angle 
between the portions where two different factors are limiting. 

There is generally a transitional region, where two factors influence 
the rate of photosynthesis, between the initial part of the curve where 
the varied factor chiefly determines (or limits) the rate, and the final 
region where another factor is mainly determining. 

The mode of interaction of the factors may also be considered in 
regard to the reactions involved in photosynthesis. 

As will be shown later, there is evidence that the photosynthetic 
action takes place in a series of stages, and as Briggs pointed out in 1920, 
the stage which proceeds at the slowest rate will determine the rate of 
the whole process. Let us suppose that there is a photochemical stage 
in which, for example, carbon dioxide and light are involved, and that 
this is followed by a chemical stage affected by temperature and in 
which the protoplasmic factor plays a part. The rate at which the photo- 
chemical stage proceeds will then depend on both the concentration of 
carbon dioxide and light intensity. As far as this stage alone is con- 
cerned, its rate will be increased both by increase in carbon dioxide 
concentration or light intensity. But if the rate of the first process is 
slow, increase in temperature or of the protoplasmic factor, the factors 
which are operative in the next stage, will have little effect on the rate 
of the whole photosynthetic process, since the rate at which this stage 
will proceed will be limited by the rate of production of material in the 
first stage. In such circumstances either increase in carbon dioxide con- 
centration or of light intensity would bring about an increase in the rate 
of photosynthesis. On the other hand, if the factors of the second stage 
have such a low value that the product of the first stage is utilized more 
slowly than it is formed, although its accumulation may speed up the 
second process, this accumulation will retard the rate of the first process, 
and so the general effect is that the second stage will actually limit the 
rate of the whole photosynthetic process. Increase in temperature and 
of the protoplasmic factor will then bring about an increase of photo- 
synthetic activity, whereas the effect of increase of light intensity or of 
carbon dioxide concentration may be negligible. 

It is with these considerations in mind that the effect of the various 
factors on photosynthesis must be examined. 

Carbon Dioxide Concentration 

Since the first experiments by Godlewski in 1878 on the effect of 
carbon dioxide concentration on the rate of photosynthesis, this question 
has been repeatedly examined and observations made on a wide range 
of material. Thus, Brown and Escombe used leaves of Helianthus annuus, 
Blackman and Smith the water plants Elodea and Fontinalis, Harder 
the water plants Cladophora and Fontinalis, Lundeg&rdh the leaves of 
various higher plants, St&lfelt the leaves of Pinus and Warburg the 
green alga ChhreUa. 

In the case of water plants we may consider the results obtained by 
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various workers with the aquatic moss Fontinalis. In providing carbon 
dioxide for the assimilation of water plants either this gas may be dis- 
solved directly in the water or a solution of a bicarbonate may be used. 
Blackman and Smith used solutions of carbon dioxide, whereas Harder 
used a solution of potassium bicarbonate. A solution of potassium bi- 


Blackman and Smith, 19115 
Fontinalis 



CO a % 



Harder, 1921 Fontinalis 



Van den Honert, 1930 Hormidium 



CO t in *001 vol. % CO a % 

Fig. 26. — Curves to illustrate the relation between rate of photosynthesis and carbon 
dioxide concentration as determined by various workers 
(From W. O. James, after the various authors indicated) 


carbonate contains ions of K and HCO, from the bicarbonate and H and 
OH from water, and since both H and HCO, ions are present they must 
be in equilibrium with undissociated H,CO, and this with CO,. Conse- 
quently for a definite concentration of potassium bicarbonate there 
will be a definite concentration of dissolved carbon dioxide, and although, 
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owing to the change in the degree of dissociation with concentration, the 
relation between total bicarbonate and carbon dioxide will vary, within 
a limited range it may be assumed that the carbon dioxide concentration 
of the solution is proportional to the concentration of bicarbonate. 

Blackman and Smith found that with increasing concentration of 
''carbon dioxide the rate of photosynthesis rose in proportion to the carbon 
dioxide concentration until a point was reached when further increase 
in carbon dioxide concentration brought about no further increase in 
rate of photosynthesis. Under the conditions of their experiments the 
change from limiting carbon dioxide to limiting light intensity was quite 
sudden. Harder’s results showed an approximation to this condition only 
with the lowest light intensity he used. With higher light intensities in 
low carbon dioxide concentrations the rate of photosynthesis is approxi- 
mately proportional to the concentration of carbon dioxide, but although 
above a certain value as the latter increases the rate of photosynthesis 
increases less and less, no point was reached where, with further increase 
in carbon dioxide, there was no further increase in photosynthetic 
activity (cf. Fig. 26). 

The difference between the shape of the curves obtained by Blackman 
and Smith and by Harder are probably to be related partly, but not 



Fio. 27. — Curves showing the relation between rate of photosynthesis by Fontinalis and 
concentration of carbon dioxide when an aqueous solution of the latter flows continuously 

over the moss 

A, rate of flow 400 0 . 0 . per hour; B, rate of flow 600 c.c. per hour 
(After W. O. James) 

entirely, to the absolute light intensity. The lowest light used by 
Harder, namely, 667 metre candles, is probably considerably higher than 
the light intensity used by Blackman and Smith. It will be noted from 
an inspection of Harder’s curves that in a light intensity lower than any 
he used, the relation between carbon dioxide concentration and photo- 
synthetic activity is such that a rather sharp transition from the carbon 
dioxide limiting to the light-limiting part of the curve is to be expected. 

In a re-investigation of the assimilation of Fontmalis, James used 
both dissolved carbon dioxide and sodium bicarbonate as sources of 
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carbon dioxide for assimilation. He found that if the plant assimilates 
in a moving current of water containing carbon dioxide, the rate of 
photosynthesis increases with increasing rate of flow (cf. Fig. 27) of the 
water up to a maximum which is that obtaining when the same con* 
centration of carbon dioxide is provided by bicarbonate, in which case 
the rate of photosynthesis is independent of the rate of flow. This is 
explained by supposing that when a solution of carbon dioxide is used 
a diffusion gradient of this substance is set up in the solution, so that the 
concentration of carbon dioxide at the surface of the plant is actually 
less than the average concentration of the whole volume of solution. 
With increased rate of flow the concentration at the surface will approach 
nearer and nearer the average. Now when bicarbonate is used, the con- 
centration of the carbon dioxide is maintained constant at the surface of 
the plant, as disturbance in the equilibrium relations between the various 
constituents of the system (ions and undissociated molecules) will be 
immediately rectified. 

The concentration of carbon dioxide at the seat of the photosyn- 
thetic process, presumably the surface of the chloroplast, is not that of 
the external medium, a value which is measurable, but something less 
than this depending on the diffusion gradient which itself depends on 
the length of the path and the resistance to diffusion. The path can be 
regarded as consisting of two parts, one up to the surface of the plant, 
the other from this to the assimilatory cell. The use of a bicarbonate 
solution as source of carbon dioxide has the effect of practically elimin- 
ating the first part of the diffusion path, while movement of the liquid 
over the surface of the plant tends in the same direction. With a bi- 
carbonate solution the carbon dioxide concentration of the external 
solution will thus be more nearly equal to the concentration at the 
chloroplast surface than is the case when a pure carbon dioxide solution 
is used, at any rate when this latter is still or in only slow movement. 
Now James found that the more this external diffusion phase is reduced 
the more the curves connecting carbon dioxide concentration and rate 
of photosynthesis tend to be curves of a hyperbolic type throughout 
their course, and he therefore came to the conclusion that the linear 
relation between low carbon dioxide concentrations and photosynthesis 
is determined by the diffusion phase. 

Another point to be noted is that even in low concentrations of 
carbon dioxide an increase in light intensity brings about an increase in 
rate of photosynthesis. This will be clear from an inspection of Harder’s 
curves and also appears in those published by James. 

The relations between carbon dioxide concentration and photosyn- 
thetic activity in land plants are in general similar to those found for 
water plants. Thus Lundegardh found that in leaves of Oxalis acetoseUa, 
Melandrium rubrum. Nasturtium palustre, Stellaria riemorum and Viola 
tricolor, as carbon dioxide concentration increases the rate of photo- 
synthesis increases in proportion up to a point, but beyond this a further 
rise in carbon dioxide concentration produces no further increase in the 
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rate of photosynthesis, the limit of increasing photosynthetic activity 
being determined by the light intensity. In some cases, however, direct 
proportionality between carbon dioxide concentration and rate of photo- 
synthesis was not observed, as the latter increased relatively more 
slowly than the carbon dioxide concentration. Also, even with low light 
intensities an increased rate of photosynthesis was observed with increase 
in carbon dioxide concentration even when this was relatively high, thus 
showing that here, as with water plants, when carbon dioxide concentra- 
tion is limiting the rate of photosynthesis light intensity also affects the 
process. Maskell suggests that the influence of light in bringing about 
this increased rate of photosynthesis in low concentrations of carbon 
dioxide i^ due to the increased opening of the stomata resulting from 
illumination which would have the effect of increasing the concentration 
of carbon dioxide at the surface of the chloroplast by reducing the 
resistance to diffusion. In absence of data regarding the influence of 
light on stomatal opening under the conditions of his experiments in the 
plants examined by Lundegardh, it is doubtful how far this offers a 
complete explanation of the observed behaviour, for Jeffreys’ consider- 
ations on diffusion through stomata suggest that some considerable 
degree of closure must take place before any significant reduction in the 
rate of diffusion can result. Lundegardh himself considered that the limit 
of increasing photosynthetic activity might often be determined by 
stomatal closure, and he cites observations on Oxalis in support of this. 
It is therefore interesting to observe that of the plants examined by 
Lundegardh, Oxalis has relatively few stomata (see Table LIV), and the 
effect of their closure on diffusion would probably be noticed sooner in 
this species than in others. 

There does not, however, appear to be any need to hypothesize this 
action of stomatal closure in this connexion, for we have seen that in 
the aquatic moss Fontinalis, where there are no stomata, when carbon 
dioxide concentration is limiting the rate of photosynthesis, in the sense 
that with other factors constant, a change in carbon dioxide concentra- 
tion produces a change in the rate of photosynthesis, change in light 
intensity will bring about a change in the rate of photosynthesis with 
constant carbon dioxide concentration. 

There can, however, be no doubt that changes in stomatal aperture 
can influence the rate of photosynthesis, especially when the stomatal 
aperture is small, by altering the resistance to diffusion of carbon dioxide 
into the leaf, as Maskell showed from observations of photosynthetic 
activity and stomatal aperture in leaves of Prunus laurocerasus. It may 
also be taken as obvious that the concentration of carbon dioxide at the 
assimilating surface of the chloroplast is not likely often to approximate 
to that of the air outside the leaf. The relation between rate of apparent 
assimilation and external carbon dioxide concentration can, according 
to Maskell, be expressed by the equation 


A 




r» + r, + r, + r« + r w 
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where A is the apparent assimilation rate, k a constant, C the concentra- 
tion of carbon dioxide and r a the resistance to diffusion up to the leaf 
surface, r t that due to the stomata, r, that of the intercellular space 
system, r« that of the diffusion in the cells up to the chloroplasts, while 
r LT is a value depending on the rate of the assimilatory processes at the 
chloroplast surface, these reactions being functions of light and tem- 
perature. Thus the extent to which light will influence the rate of 
photosynthesis when carbon dioxide concentration is limiting in the 
sense mentioned above, will depend on the relative values of r LT and 
+ r t + r, + r 4 . 

If the carbon dioxide concentration reaches a comparatively high 
value a falling off in the rate of photosynthesis may result. This must be 
regarded as a secondary effect due to the high concentration of carbon 
dioxide exerting a toxic effect on the protoplasm and so. reducing the 
value of the protoplasmic factor. It has also been observed that high 
concentrations of carbon dioxide may induce closure of the stomata, and 
as this, when it reaches a certain degree, will reduce the effective path of 
diffusion, the concentration of carbon dioxide in the assimilating cells 
is lowered, and the rate of assimilation therefore reduced. 

The interesting observation has been made by Gabrielsen that leaves 
of elder (Sambucus nigra) exposed to a light intensity of 10,000 lux in a 
closed chamber containing atmospheric air, absorbed carbon dioxide 
until the concentration of this gas in the chamber had fallen to about 
0-0090 volume per cent, but did not absorb any more carbon dioxide 
after this. Further, when the air in the chamber was initially poor in 
carbon dioxide, this gas was liberated from the leaves until its con- 
centration was about 0-0089. Gabrielsen therefore drew the conclusion 
that for photosynthesis there is a threshold value for carbon dioxide 
concentration below which assimilation of the gas does not take place. 

Light Intensity 

In considering the effect of light intensity on photosynthesis it must 
be kept in mind that ordinary white light comprises radiations with a 
wide range of wave-lengths, and that equal intensities of radiation of 
different wave-lengths have, as might be expected, and as we shall see 
later, different effects on the photosynthetic process; or, put in other 
words, different coloured lights are not equally effective in their photo- 
synthetic action. In investigating the influence of light intensity on 
photosynthesis it is therefore necessary that the light of different 
intensities should have the same relative composition. 

The very numerous observations on the effect of light intensity on v 
photosynthesis show that the relation of this factor to the rate of assimi- 
1 lation is very similar to that of carbon dioxide concentration. With low 
' light intensities the rate of photosynthesis has been found approximately 
proportional to the light intensity in a considerable number of cases, 

| Such is the conclusion to be drawn from observations made by Weis in 
t 1908 on a sun plant Oenothera and a shade plant Polypodium, by Boysen 



THE ASSIMILATION OF CARBON BY AUTOTROPHIC PLANTS 223 


Jensen in 1918 on Sirnpis alba, by Warburg in 1919 on the unicellular 
alga Chlorella, by Harder in 1921 on the aquatic moss Fontinalis, by 
Lundeg&rdh in 1921 on both sun plants ( Nasturtium palustre, Atriplex 
latifolium) and shade plants ( Oxalis acetoseUa, Melandrium rubrum and 
Circaea alpina), to mention a few. With higher light intensities the ratio 
of photosynthesis to light intensity falls off, owing to the limiting action 
of some other factor. 

We may again consider first the simpler case of water plants, where < 
the complication introduced by change of stomatal aperture is not 1 
presentwln Fontinalis Harder found the relation between photosynthetic > 
activity and light intensity very similar to that between photosynthesis 
and carbon dioxide concentration. With constant carbon dioxide con- 
centration! the initial part of the curve where rate of photosynthesis is 
approximately proportional to light intensity passes over smoothly, with 
increasyof the latter junto a region where progressive increase in light 
intensity brings about less and less acceleration of photosynthesis. Also, 
even in low light intensities,! jincrease in carbon dioxide concentration 
/^'brings about an increase in the rate of photosynthesis. Somewhat similar 
results were obtained by Warburg with Chlorella, but here the tran- 
sitional region of the curve between the part in which rate of photo- 
synthesis is limited by light intensity and the part where increase in 
light intensity produces no further increase in rate of photosynthesis, 
is relatively short. 

In land plants Lundegardh obtained rather different results with sun 
and shade leaves. In the shade plants, Oxalis, Melandrium and SteUaria, 
he found that the rate of photosynthesis increased approximately pro- 
portionately to the increase in light intensity until this intensity was 
about 0-1 that of a clear day in July, above which the rate of photo- 
synthesis remained constant with increase in light intensity, the con- 
centration of carbon dioxide being that of the atmosphere. With the 
sun plants, Nasturtium palustre and Atriplex liastatum, on the other hand, 
the rate of photosynthesis continued to rise until the light intensity was 
0*7 that of full sunlight or thereabouts. Similar results to this were 
obtained by Lundeg&rdh with spinach, potato and Atriplex latifolium, 
by Boysen Jensen with Sinapis and by Stalfelt with Pinus, in which 
plant the assimilation rate had not reached its maximum in full sunlight. 

//A falling off in photosynthetic activity in high light, intensities^for 
example when this is several times that of full sunlighty has been occa- • 
sionally noted and may be ascribed to the injurious effect of such high 
light intensities on the chlorophyll. The depressing effect is thus a 
secondary effect acting through the chlorophyll factor. Prolonged ex- 
posure to light may result in a retardation or inhibition of photosynthesis, 
which was noted by Ursprung in 1917 in leaves of Phaseolus multiflorus. 
When these are exposed to sunlight for a period of 5 hours, for example, 
the leaves contain much starch, but during longer exposure the starch 
disappears and after another 4 hours little may be left. This phenomenon 
has been called solamation. 
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Reference was made earlier to the fact that under certain condi- 
tions the respiration and assimilation will equal one another so that no 
gaseous exchange is observable. For any particular temperature the light 
intensity at which gaseous exchange is thus zero is called the compensa- 
tion point. It varies considerably with different species, and also appar- 
ently in the same species at different times. For instance, Plaetzer found 
it in Elodea canadensis at about 20° C. to be 2 lux in summer and 18 lux 
in winter, the lux being the intensity of illumination at 1 metre distance 
from 1 Hefner candle. In Cinclidotus aquations in March she found it to 
be 400 lux at the same temperature. 

A question of some interest is whether the leaf or other green organ, 
on transference to light after a period in the dark, immediately com- 
mences to assimilate at a rate which remains constant, or whether there 
is an induction period during which the photosynthetic activity in- 
creases. Osterhout and Haas with Ulva, Warburg with Chlorella and 
Briggs with Mnium undulatum, have claimed to have demonstrated such 
an induction phase. In Chlorella the induction period was very short, last- 
ing only a few minutes; in other species it was much longer, lasting at 
least 2 hours. Reference is made later in this chapter to the use that 
has been made of the experimental data obtained in work of this kind 
in attempting an analysis of the mechanism of photosynthesis. 

Temperature 

The interpretation of observations on the influence of temperature 
on photosynthesis is rendered difficult for two reasons. In the first place, 
only apparent assimilation can be measured, and a correction must 
therefore be made for respiration. It has already been noted that respir- 
ation rate is much influenced by temperature, so that at higher tem- 
peratures the correction to be made for respiration may be considerable. 
Now, when assimilation is rapid and carbohydrate accumulates in the 
assimilating organ, an increased concentration of respiratory substrate 
may lead to an increased respiration rate, so that the usual method of 
correction by adding to the observed assimilation rate the measured rate 
of respiration in the dark may give different results according to when 
the measurement of respiration is made; whether, that is, the measure- 
ment is made before or after the observation of photosynthesis. Obviously 
the safest way of dealing with the difficulty would be to make respiration 
measurements before and after the measurement of photosynthesis and 
use the mean of the respiration measurements for the correction. The 
second difficulty arises at comparatively high temperatures where it is 
found that the rate of photosynthesis does not remain constant, but falls 
off with time. This time factor, as it was called by F. F. Blackman, 
results from the effect of temperature on some internal factor of photo- 
synthesis, presumably the protoplasmic factor. Consequently the 
measured rate of photosynthesis at these temperatures depends on the 
length of time over which the measurement is made, the longer the 
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period the lower will be the average rate of photosynthesis. In the leaves 
of Primus laurocerasus examined by Miss Matthaei the time factor enters 
at temperatures above 25° C. 

The experiments of Miss Matthaei with leaves of Prunus laurocerasus 
and Helianthus luberosus conducted more than 40 years ago may still be 
considered the standard work on the subject of the influence of tempera- 
ture on rate of assimilation, although a considerable quantity of data 
with other plants has been obtained since. Miss Matthaei found that 
from about — 6° C. up to 25° C. the rate of photosynthesis increased 
regularly with rise of temperature provided the carbon dioxide concen- 
tration and light intensity were great enough for neither to act as a 
limiting factor. She found that over this range of temperature the Van’t 
Hoff rule was followed, photosynthesis increasing about 2-1 times in 
Prunus laurocerasus and about 2-5 times in Helianthus tuberosus for a 

I rise of 10° C. Weak light, however, could limit and determine the rate 
of the process, so that under such a condition temperature would be 
without effect on the rate of assimilation, and the temperature coefficient 
/would approximate to unity. 

•' For Elodea, Blackman and Smith found the temperature coefficient 
(Qio) between 7° and 13° to be 2-05; Osterhout and Haas found that in 
Ulva rigida between 17° and 27° it was 1-81, whiIe'’Lundegardh’s results 
with sugar beet in strong light and 1-22 per cent, carbon dioxide indi- 
cated a temperature coefficient of photosynthesis of about 2. 

With Chlorella Warburg found that in higher light intensities the 
temperature coefficient between 15° and 25° C. was about 2, although 
with decreasing temperature it gradually increased. In low light inten- 
sities temperature was found to be practically without effect on photo- 
synthetic activity over the range of 15° to 25°, a result agreeing with 
that of Miss Matthaei on the operation of light as a limiting factor. 
Van den Honert’s results with the filamentous terrestrial alga Hormidium 
were similar. With high light intensity the rate of photosynthesis in- 
creased continuously from 12° to 20° C., increasing 1-87 times for a rise 
of 10° C., but with low light intensity temperature changes within the 
same range had practically no effect. 

It is thus clear that when neither light nor carbon dioxide concentra- 
tion is a limiting factor the rate of photosynthesis in the green cells of 
' plants of a wide variety of species is determined by a reaction, the rate 
i of which is affected by temperature in the manner shown by Van’t Hoff 
jto be characteristic of many chemical reactions. When, however, light 
’intensity is low, temperature has little effect, a characteristic of photo- 
chemical reactions. It can thus be argued that when light intensity is 
low a photochemical reaction determines the rate of photosynthesis 
whereas when light intensity and carbon dioxide are both high a ‘dark’ 
chemical reaction, the rate of which is determined by temperature, 
limits the whole process. It has, of course, been clear for many years 
that a photochemical reaction is involved in photosynthesis, since light 
supplies the energy for the process. The existence of the ‘dark’ reaction 
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was established by work in F. F. Blackman’s laboratory and it is now 
frequently referred to as the ‘Blackman’ reaction. 

The Wave-length of Light 

From the time of Senebier in the latter years of the eighteenth cen- 
tury attempts have been made to discover the effect of different-coloured 
lights on photosynthesis. Much of this work is of little value because 
no account was taken of the intensity of the light. Obviously, a com- 
parison of the photosynthetic intensity in lights of different wave- 
lengths may shed little information regarding the influence of the wave- 
length unless the intensity of the light is known, and undoubtedly effects 
have been attributed to differences in wave-length that are actually due 
to differences in light intensity. Observations agree, however, in showing 
that photosynthetic activity is only, affected by radiation with wave- 
lengths within a limited range. This range corresponds largely with the 
visible spectrum, but Ursprung observed a little formation of starch in 
leaves of Phaseolus vulgaris exposed for 40 hours to infra-red radiation, 
while starch formation was also observed under the influence of the ultra- 
violet. More recently weak assimilation of carbon dioxide in the ultra- 
violet has been observed by Hoover and by Gabrielsen. 

Within the photosynthetically active range of wave-lengths the rate 
of photosynthesis is not equal in light of different wave-lengths but of 
the same intensity. Since the assimilating cells absorb light of different 
wave-lengths to different extents we should expect those rays which 
are most absorbed to be the most effective in photosynthesis. The 
greatest absorption of energy by chlorophyll occurs in the red and to a 
lesser extent in the blue-violet and therefore it might be expected that 
photosynthesis would be most active in light of these colours. How-^ 
ever, work by a number of investigators has shown that with decrease . 
in wave-length the rate of assimilation per unit of incident energy' 
decreases, at any rate with comparatively low light intensities. Some results'’ 
published by Briggs in 1929 are summarized in Table XLV. In these j 
experiments the concentration of carbon dioxide and the temperature 
were such that no increase in the rate of photosynthesis resulted from ' 
raising either of them, and light intensity was controlling the rate of < 
photosynthesis. 

Comparable results were obtained by Schmucker in work with the water 
plants Cabomba earoliniana and Cryptocoryne ettiata and by Gabrielsen 
with leaves of S inapis alba, Fraxinus excelsior and the normal green 
form of Corylus maxima. With the red-leaved variety of the latter, 
Corylus maxima var purpurea and the red-leaved variety of a Prunus, 
namely P. cerasifolia (var. Pissartii), however, the photosynthesis in 
relation to light intensity was less in yellow-green light than in either 
orange-red or blue- violet. It would appear that the anthocyanin of red- 
leaved varieties acts as a light filter which cuts off light of certain wave- 
lengths and reduces the quantity of light available for photosynthesis. 
A noteworthy attempt to measure the photosynthetic efficiency of 
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Table XLV 

Relation of Rate of Photosynthesis to Wave-length of Light 


(Data from Briggs) 


Species 

Wave-length 
of light in m/i 

Colour 
of light 

Incident 
energy in 
calories per 
100 sq. cm. 
per hour 

Heal 

assimilation 
in c.c. oxygen 
per 100 sq. 
cm. per hour 

Assimilation 
in c.c. oxygen 
per 500 
calories 

Phaseolus 

570-640 

Yellow-red 

33 5 

1 03 

154 

vulgaris 

510-560 

Green 

36-5 

075 

103 

480-510 

Blue 

570 

0*85 

7-5 

Ulmus 

570-640 

Yellow-red 

36-5 

0*64 

| 8-8 

(yellow var.) 

510-560 

Green 

34 

0*44 

6-5 

430-510 

Blue 

56-5 

060 

5-3 

Ulmus 

510-560 

Green 

51-5 

2 06 

200 

(green var.) 

430-510 

Blue 

58-5 

1 44 

12 3 

Sambucus nigra 

570-640 

Yellow-red 

230 

4 16 

8-7 

510-560 

Green 

50 

093 

93 


430-510 

Blue 

60 

104 

8-7 

Sambucus nigra 

510-560 

Green 

51-5 

1 96 

190 

430-510 

Blue 

59-5 

1-78 

150 


different wave-lengths of light was made by Warburg and Negelein. 
They measured the energy absorbed by Chlorella in different-coloured 
lights and from measurements of photosynthesis calculated the propor- 
tion of the absorbed energy utilized. They found that the ratio of the 
energy utilized in photosynthesis to the energy absorbed increases with 
I decrease of light intensity. For purposes of comparison they therefore 
(obtained by extrapolation the value of this ratio for the limiting case 
(Where light intensity is zero. Their results, summarized in Table XL VI, 
show that with shortening of the wave-length a smaller proportion of 
the absorbed light is utilized in photosynthesis. Warburg and Negelein 
failed to find appreciable photosynthetic activity either in the infra-red 
or ultra-violet under their experimental conditions. 

Table XLVI 

Utilization of Light of Different Wave-lengths in 
Photosynthesis by Chlorella 

Energy utilise d 


Wave-length in in/* 




Colour 

Energy absorbed 

660 . 

, 

. 

a 

. Red 

0-59 

578 . 




. Yellow 

0-535 

546 . 

a 



Green 

0 444 

486 . 

a 

. 

• 

Blue 

0-338 
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The values given in the last column of the above table indicate that 
a large proportion of absorbed energy is utilized in photosynthesis. It 
is to be noted, however, that these are theoretical values for the limit- 
ing case when incident energy is zero; actually the proportion will always 
be less, and smaller the more intense the illumination. Further, Warburg 
and Negelein’s experiments were arranged so that all the incident energy 
was absorbed by a thick suspension of Chlorella. Hence it is not sur- 
prising that in foliage leaves, where some incident energy is reflected, 
some transmitted through the leaf and often much used in transpiration, 
a much smaller proportion of the incident energy should be utilized in 
photosynthesis. Calculations by Brown and Escombe indicated that only 
from 0-42 to 1*66 per cent, of the energy incident on the leaf of Poly- 
gonum Weyrichii was utilized in photosynthesis, while Puriewitch’s 
calculations in respect of leaves of a number of species suggested that 
from 0*6 to 7-7 per cent, of the energy falling on the leaf was utilized in 
photosynthesis. 

‘ Warburg and Negelein considered their results in relation to the 
quantum theory of light. According to this radiant energy is absorbed 
or emitted in definite units called quanta which vary in magnitude 
directly with the frequency of the radiation (or inversely as the wave- 
length). Thus, if E„ is a quantum of light of frequency v, E, = hv where ft 
is a constant called Planck’s constant which, when the energy is measured 
in ergs, has the value 6-6 x 10 -27 . Thus with increasing frequency (or 
decreasing wave-length) the value of the quantum increases. Einstein’s 
law of photochemical equivalence assumes that in a photochemical 
reaction each reacting molecule absorbs one quantum of light of a fre- 
quency characteristic of the molecule. From this follows Einstein’s 

Q 

equation » = — where « represents the number of reacting molecules 

and Q the absorbed energy. From their experimental data Warburg and 
Negelein calculated that about four quanta of red and yellow light, and 
about five of blue light, were required to decompose one molecule of 
carbon dioxide. 

More recently Emerson and Lewis have found that the method of 
Warburg and Negelein involved an error which resulted in their calcula- 
tions giving too low values of the number of quanta required for the 
decomposition of a carbon dioxide molecule. The error results from the 
assumption that the photosynthetic and respiratory quotients are con- 


stant, whereas Emerson and Lewis found that in experiments carried 
out in the manner adopted by Warburg and Negelein considerable vari- 
ations in the quotient might occur. The variations are chiefly due to 
variations in carbon dioxide absorption or evolution, and Emerson and 
Lewis suspected that some further system, apart from normal respir- 
ation and photosynthesis, might be responsible for the variations in 
carbon dioxide exchange. When this source of error was eliminated by 
taking the oxygen produced as a measure of photosynthesis it was 
found that about 10 to 12 light quanta were required to effect the 
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decomposition of one molecule of carbon dioxide. From experimental 
data obtained with leaves of Sinapis, Corylus and Fraonrius, Gabrielsen 
concluded that in these plants also the conversion of one carbon dioxide 
molecule in photosynthesis requires about 12 quanta. 

Internal Factors in Photosynthesis 

It has already been pointed out that in addition to the assimilatory 
pigments some other component or property of the protoplasm is essen- 
tial for photosynthesis, so that we have to regard the chlorophyll factor 
and protoplasmic factor as two separate internal conditions for photo- 
synthesis. There may be others; thus it has been suggested that the 
water content of the assimilating cells may influence photosynthetic 
activity. 

The investigation of the relation between chlorophyll content and 
rate of photosynthesis is not so simple a matter as the investigation of 
the influence of external factors, as chlorophyll content cannot be altered 
at will. The problem was, however, attacked by Willstatter and Stoll 
by the use of (a) leaves of different species, ( b ) leaves in different stages 
of development, (c) green and yellow varieties of the same species, ( d ) 
etiolated leaves developing the green pigment and ( e ) chlorotic leaves. 
The determination of the chlorophyll content was made by a colori- 
metric method; some subsequent workers have estimated the chloro- 
phyll spectrographically. 

The results obtained by Willstatter and Stoll were expressed in terms 
of what they called the ‘assimilation number’, which is the rate of 
photosynthesis per unit of chlorophyll, the rate of photosynthesis being 
measured in grams per hour and the chlorophyll content in grams. 
These measurements were made with a high concentration of carbon 
dioxide (5 per cent.), a high light intensity (48,000 lux or higher) and 
a temperature of 25° or 80° C. With these external conditions neither 
carbon dioxide concentration nor light intensity was limiting photo- 
synthesis, for no increase in photosynthetic activity was brought about 
by increasing either of these factors. 

The assimilation numbers of normal leaves of different species, but 
of apparently a similar stage of development, are of the same order, but 
by no means identical. Those determined at 25° C. mostly varied 
between 5-2 (Acer pseudoplatanus ) and 7-7 ( Acer negundo) but values as 
high as 10*9, 14-0 and 16*7 were obtained with Helianthus annuus. With 
hot-house plants, the assimilation numbers determined at 80° C. varied 
between 6’5 (Hydrangea opuloides) and 14-5 (Pelargonium peltatum). It 
would thus appear that the rate of assimilation in different species is 
not determined solely by external factors and chlorophyll content. 

Willstatter and Stoll found that as leaves grow older the assimila- 
tion number falls. Actually both the chlorophyll content and the rate 
of assimilation increase, but the rate of assimilation per unit of chloro- 
phyll decreases. Thus in Sambucus nigra the assimilation number of 
leaves collected in May was 12-2, while that of leaves collected on 14 July 
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was 6-2. ‘As leaves become senescent much divergence in the relation 
between chlorophyll content and rate of assimilation is observed. In 
general these results with leaves in different stages of development 
suggest that some internal factor other than chlorophyll may affect 
photosynthetic activity. 

The same conclusion is to be drawn from observations on the be- 
haviour of leaves from yellow varieties as compared with that of normal 
green leaves of the same species. Yellow varieties are not devoid of 
chlorophyll but have a low content of the green pigment so that its 
presence is masked by yellow pigments. Willstatter and Stoll found 
that leaves of a yellow variety of Ulmus contained only about 0-078 
times the chlorophyll of the leaves of the normal green type, but that 
the rate of assimilation by unit area of the two kinds of leaves was 
approximately the same even under conditions of high carbon dioxide 
concentration and light intensity and at 25° C. 

More definite information with regard to the action of a second 
internal factor is derived from observations on the photosynthesis of 
etiolated leaves exposed to light and becoming green. The chlorophyll 
content of such leaves gradually increases. Completely etiolated tissues 
have no power of photosynthesis. In seedlings, with increasing chloro- 
phyll content there may or may not be a corresponding increase in the 
rate of photosynthesis, what actually takes place depending, according 
to Briggs, on the age of the seedling. Thus Briggs found that the rate 
of photosynthesis of etiolated seedlings becoming green was determined { 
by the age of the plants rather than by the chlorophyll content, the older 1 
the seedling the greater the rate of photosynthesis resulting on exposure 
to light. In experiments by Willstatter and Stoll in which plants of 
Phaseolus vulgaris about a fortnight old were used, the rate of photosyn- 
thesis increased with the increase in chlorophyll content. These findings 
suggest that some internal factor other than chlorophyll develops in the 
seedling whether this is in light or in darkness. Hence, before a seedling 
has reached a certain age this other factor may act as a limiting factor 
and change in chlorophyll content will be without effect on photo- 
synthetic activity, while in older etiolated seedlings becoming green this 
second factor may be fully developed and chlorophyll content may act 
as a limiting factor, so that with increase in the quantity of chlorophyll 
there will occur an increase in the power of photosynthesis. 

In addition to chlorophyll and the unknown protoplasmic factor 
which develops independently of it, it is also possible that water con- 
tent of the assimilating cells may influence the rate of photosynthesis. 
Various investigators, and particularly Thoday, have found that the 
photosynthetic activity of leaves decreases along with decreasing tur- 
gidity, a result considered by Thoday to be largely ascribable to closure 
of the stomata, so that the apparent effect of water content is actually 
due to a lowering of the concentration of carbon dioxide at the chloro- 
plasts. In plants without stomata, such as mosses, reduction of water 
content appears to have much less effect on photosynthetic activity, 
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although a falling off in the rate of photosynthesis with decreasing water 
content has been observed in water plants, and in these stomatal move- 
ments cannot enter into the matter. Moreover, Dastur has produced 
evidence to show that differences in water content of various leaves run 
parallel with differences in photosynthetic activity. In Abutilon asiati- 
cum, Rieinus communis and Helianthus annuus , Dastur and Desai also 
concluded that the rate of photosynthesis is more closely connected with 
water content than with chlorophyll content. Dastur had previously 
shown that in senescent leaves of Abutilon asiaticum, Ricinm communis 
and other species, photosynthetic activity is first lost in those cells which 
are most remote from the water supply provided by the vascular bundles, 
the cells, that is, of the leaf margin and intravascular regions. 

Effect of Variom Substances on Photosynthesis 

A considerable number of observations are on record with regard to 
the action of various substances on the rate of photosynthesis. These 
substances include chloroform, ether, antipyrin, ammonium salts, sul- 
phites, glycerol, quinine, strychnine and other toxic compounds. Gener- 
ally speaking, any of these has a depressing effect on photosynthesis, and 
probably this effect is usually due to a harmful action on the protoplasmic 
factor. These observations, for the most part, have so far shed little light 
on the photosynthetic process. The effect of various enzyme inhibitors 
on photosynthesis is considered later. 

There is evidence that photosynthesis will not commence in absence 
of oxygen. Willstatter and Stoll found that leaves of Pelargonium, after 
exposure to an oxygen-free atmosphere for 2 hours in the dark, did not 
assimilate on exposure to light and were still unable to do so when they 
were subsequently brought into contact with oxygen. There is, however, 
considerable variation among different species in regard to the influence 
of oxygen on photosynthesis. Thus, in Cyclamen europeum, although 
continued deprivation of oxygen in the dark does result in a lowering 
of photosynthetic potentiality, this has not quite disappeared even after 
15 hours’ exposure to an oxygen-free atmosphere in the dark. 

A number of explanations of this effect of absence of oxygen are 
possible. Thus, there may be some at present unknown connexion 
between respiration and photosynthesis, or anaerobic respiration may 
result in the production of substances which affect adversely the proto- 
plasmic factor. 

THE PRODUCTS OF PHOTOSYNTHESIS 

Sachs, we have noticed, regarded starch as the first visible product 
of assimilation, while Meyer found that many plants which do not form 
starch produce sugar. While more than one sugar has been identified 
as arising in green leaves as a result of photosynthesis, there is little 
evidence that any substances other than carbohydrates or closely related 
compounds are produced in photosynthesis, at any rate by higher plants. 
Not only is this the conclusion to be drawn from analysis of leaves, but 
16 
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the same is indicated by determinations of the assimilatory quotient, 
that is, the molecular ratio of oxygen evolved to carbon dioxide absorbed. 
This is very generally unity, which should be the case if carbohydrate 
is formed, whereas if fats, organic acids or other substances were pro- 
duced the quotient would nearly always be different. In succulent 
plants, it is true, the assimilatory quotient at times appears to depart 
widely from unity, but the divergence is here related to the unusual 
respiration of these plants. In all cases the apparent assimilatory quotient 
depends to a certain extent on the respiratory quotient. Thus if the 
rates of oxygen absorption and carbon dioxide evolution in respiration 
are respectively O r and C r and the rates of carbon dioxide absorption 
and oxygen evolution in photosynthesis are respectively C p and o,. 

the true assimilatory quotient is but the apparent assimilatory 

0—0 

quotient actually observed is -- r . In most assimilatory organs, the 

Cp C r 

substance used in respiration is carbohydrate, so that the respiratory 
quotient is unity and hence with a true assimilatory quotient of unity, 
the apparent assimilatory quotient is also unity. But in the succulents, 
it will be recalled, imperfect oxidation in respiration results in the 
formation of organic acids. These accumulate in the dark, but in the 
light are broken down to carbon dioxide and water. Hence in addition 
to photosynthesis and contemporaneous respiration gaseous exchange 
in the light is affected by the production of carbon dioxide from accumu- 
lated organic acid. This carbon dioxide is utilized in photosynthesis, so 
that less will- be absorbed from the atmosphere and consequently the 
apparent assimilatory quotient will be higher than the true quotient. 
Aubert, indeed, found values up to 7-59 for the apparent assimilatory 
quotient of succulents. With continuance of illumination the apparent 
assimilatory quotient of these plants falls and may ultimately approach 
unity, as the organic acid is removed. 

f The products of assimilation are thus in general starch and sugars. 
The most careful analyses indicate that the latter comprise the hexoses, 
d-glucose and d-fructose, and the disaccharide sucrose. In addition pen- 
tose sugars appear to be present in leaves, according to the researches 
of Davis and Sawyer, but it is doubtful whether maltose is present in 
leaves. Other carbohydrates recorded in assimilatory organs are inulin 
in leaves of Cichorium intybus and of species of Marcgravia, pentosans 
in leaves of mangold and potato, dextrin in the latter, and trehalose in 
certain red algae. The presence of the carbohydrate alcohol mannitol 
has been reported in leaves of Oleaceae and in the thalli of some Phaeo- 
phyceae. Some of these, at any rate, appear to come in the category 
of assimilatory products. The oil drops of V aucheria have also been 
regarded as assimilatory products, but their composition is doubtful and 
they may not be composed of true fat. 

Much has been written concerning what substance is to be regarded 
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as the first product of photosynthesis, and the status of the various carbo- 
hydrates present in assimilatory organs. Starch is probably correctly 
regarded as a temporary reserve, although in recent years the possibility 
that starch is first formed and that sugars are formed from the starch 
has been suggested. The various sugars may be either upgrade, that is, 
formed before the production of starch, or downgrade, resulting from the 
breaking down of starch or some other reserve substance. 

Various workers have sought to obtain information with regard to 
the first sugar formed in photosynthesis by making analyses of leaves at 
different times and so following the changes in carbohydrate content over 
a 24-hour period and during a season. Observations of this kind leave no 
doubt that considerable and definite daily and seasonal changes occur in 
the content of the different carbohydrates in leaves, but it is extremely 
doubtful whether such data by themselves can give information regard- 
ing the first sugar of photosynthesis. As an example of such observations 
may be taken those of Parkin on the snowdrop ( Galanthus nivalis), a 
relatively simple case since starch is not formed and the only carbo- 
hydrates present are hexoses (glucose and fructose) and sucrose. Here 
the hexose concentration in the leaf remains roughly constant over a 
24-hour period, while the sucrose content increases during the day and 
decreases during the night. Similar relations have been observed in other 
plants and have generally been regarded by the observers themselves 
as indicating that sucrose is first formed, accumulates as a temporary 
reserve, and is then subsequently hydrolysed to hexose in which form 
the sugar is translocated. But that hexose does not accumulate, whereas 
sucrose does, is equally to be expected if hexose is first formed and is 
transformed to sucrose when a certain concentration iar^fcched. 

Indeed, the observations of Weevers suggest that he!xoses precede 
sucrose in assimilating leaves. In variegated leaves of a number of species, 
including Ilex aquilifolium, Hedera helix, Humulus lupulus and Pelar- 
gonium zonale, both hexoses and sucrose were identified by this worker in 
the green portions of the leaves, whereas in the yellow patches, although 
sucrose was present, hexoses were either entirely absent or present only 
in small quantity. Further, in leaves of Pelargonium zonale exposed to 
light after prolonged darkening, Weevers found that hexoses first appear, 
then sucrose, and lastly starch. We have, however, no reliable information 
as to whether only one monosaccharide is first formed and the other or 
others formed from it, or whether two or more arise together. 

THE MECHANISM OF PHOTOSYNTHESIS 

« 

It must be regarded as certain that the production of carbohydrate 
from carbon dioxide and water in the assimilatory organs takes place in 
a series of stages. We have already seen that when light is a limiting 
factor the rate of photosynthesis depends on the light intensity but is 
practically independent of the temperature, thus suggesting that the 
reaction is a photochemical one, whereas in high light intensity photo- 
synthesis is influenced by temperature in the same way as many chemical 
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reactions. This behaviour indicates that at least one photochemical 
reaction and one ‘dark’ chemical reaction are involved, one reaction or 
the other limiting the whole process according to the conditions. What 
these reactions are we do not know. Many attempts have been made to 
obtain information with regard to the nature of the intermediate pro- 
ducts formed during photosynthesis, but the evidence adduced in favour 
of the production of any particular substance has never been sufficiently 
free from objection to induce general acceptance of it. Among substances 
hypothesized as intermediate products of photosynthesis are various 
organic acids and aldehydes, the most popular of these being formalde- 
hyde. In spite of the large measure of support which the formaldehyde 
hypothesis has received in the past, and the many attempts that have 
been made to obtain experimental evidence in its favour, it does not 
to-day receive general acceptance. The production of formaldehyde in 
systems containing water, carbon dioxide and chlorophyll was shown by 
Jorgensen and Kidd to result from the oxidation of chlorophyll, no 
formaldehyde being produced in systems containing only water, carbon 
dioxide and pure chlorophyll in absence of oxygen. Although the pres- 
ence of formaldehyde had earlier been reported in assimilating leaves, 
more recent investigators have concluded that there is no definite evi- 
dence of this, although there can be no doubt that in the plant there are 
many substances which will yield aldehydes, though not necessarily for- 
maldehyde, under certain conditions. A number of workers have claimed 
that leaves can absorb formaldehyde and transform it to sugar. In many 
cases there can be little doubt that before its absorption the formalde- 
hyde had been oxidized to formic acid and in any event it has been shown 
that other substances such as glycerol can be absorbed by leaves in 
this way. 

A suggestion that has received some measure of support is that gly- 
collic aldehyde, CH,OH.CHO is an intermediate product of photosyn- 
thesis, either arising subsequently from formaldehyde or directly from 
carbon dioxide. There appears to be more evidence for the presence of 
, glycollic aldehyde in assimilating leaves than for the presence of formal- 
dehyde, and Rouge in 1921 obtained from assimilating leaves of potato 
a yield of 0 006 gram of glycollic aldehyde per kilogram, while practically 
none was present in similar leaves at night. This fact in itself, unsup- 
ported by other evidence, cannot be regarded as conclusive proof of the 
formation of glycollic aldehyde as an intermediate product of photo- 
synthesis. 

In recent years Ruben and his associates have attempted to obtain 
information on the fate of the carbon dioxide absorbed in photosynthesis 
by providing Chlorella with carbon dioxide containing radioactive car- 
bon. When the experiments were carried out in the dark the absorbed 
radioactive carbon appeared to form part of a substance with a molecular 
weight of about 1000, and it seemed possible that the carbon formed 
part of a carboxyl group. In light, after only a few minutes’ exposure, the 
carbon, although contained in a substance similar to that formed in the 
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dark, appeared not to be contained in a carboxyl group. The actual 
nature of the substance was not identified. 

In formulating a scheme of the photosynthetic process in green plants, 
theorizers are thus not assisted by information regarding intermediate 
products. Most of those who have attempted to hypothesize such a 
scheme have, however, assumed formaldehyde as an intermediate sub- 
stance, but if they are correct in this, it would appear that the formal- 
dehyde must be immediately utilized, for, from what has been stated 
above, it appears clear that it does not accumulate. 

The first of such theories is the well-known one of Baeyer suggested 
in 1870. According to this, the absorbed carbon dioxide is reduced to 
formaldehyde which is then transformed through the influence of certain 
cell contents into sugar, a synthesis which can be effected outside the 
cell by alkalies. Several subsequent theories of photosynthesis are an 
elaboration of this theme. 

The general acceptance of the view that photosynthesis includes both 
a photochemical phase and a purely chemical or enzymic phase has led 
to the recognition that no theory of the mechanism of photosynthesis 
can be adequate unless these two phases find a place in it. This is so 
the theory whieh Willstatter and Stoll advanced in 1918. According 
to this theory, the carbon dioxide on reaching the chloroplast, having 
already produced carbonic acid by combination with water, now forms 
an additional compound with chlorophyll, the suggested reaction being 
represented by the following equation, where the formula of chlorophyll 
is contracted to R : Mg. 

.Mg.O.c/ 0 

R : Mg -f H a CO a - R< X OH 

X H 


This purely chemical action is followed by a photochemical reaction 
in which the chlorophyll-carbonic acid compound undergoes isomeriza- 
tion to a compound with higher energy content, and having a peroxide 
structure: 



It is thus in this reaction that the actual absorption of light energy takes 
place. 

This peroxide is then supposed to decompose under the influence of 
an enzyme into chlorophyll, formaldehyde and oxygen, possibly in two 
stages. The enzyme was regarded by Willstatter and Stoll as the proto- 
plasmic factor of photosynthesis, and might be regarded as a peroxidase, 
<i although it must be considered as extremely doubtful whether the proto- 
plasmic factor can be defined in terms of a single enzyme. However this 
may be, the enzymatic phase in Willstatter and Stoll’s scheme of photo- 
synthesis can be represented by the equation: 
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R : Mg + H.CHO + O, 


The formaldehyde so produced is then assumed to polymerize to 
hexose, but the mechanism of this is not explained. 

The theory of Willstatter and Stoll thus hypothesizes at least five 
stages in the whole process of photosynthesis, namely, (1) a diffusion 
phase, (2) a chemical action, (8) a photochemical action, (4) an enzyme 
action, (5) a chemical action, possibly enzymic. 

Some attempt towards an analysis of the photosynthetic process was 
made by Emerson and Arnold by means of experiments in which cells 
of Chlorella were exposed to intermittent illumination. The periods of 
illumination were very short, of the order of 10 ~ 5 second, the light being 
of a high intensity and provided by flashes from a neon tube. The alter- 
nating dark periods were from one-hundredth to one-tenth of a second. 
On the assumption that respiration proceeds during periods of illumina- 
tion and darkness at the same rate, so that measured rates of photo- 
synthesis are corrected accordingly to give the true rate, estimates were 
made of the amount of photosynthesis per light flash. It was found that 
this quantity increased to a maximum with increase in the length of the 
dark period, and the conclusion was drawn that the photochemical re- 
action can take place in 10 - 5 second and that, at 25° C., the dark reaction 
can be completed in 0-085 second since the maximum amount of photo- 
synthesis per flash occurred with this length of the dark period and was 
not increased by increase of the latter. At a temperature of 1-1° C. the 
dark period necessary to obtain the maximum amount of photosynthesis 
per flash was much longer, namely, about 0-4 second, a result which was 
interpreted as indicating the effect of temperature on the dark reaction 
involved in the breaking down of the product of the photochemical 
reaction. 

In presence of cyanide the amount of photosynthesis per flash is 
reduced with short dark periods, but with lengthening of the latter the 
inhibitory action of the cyanide is lessened so that if the dark periods are 
sufficiently long the cyanide is without effect on the amount of photo- 
synthesis per flash. 

From their results Emerson and Arnold suggested a scheme accord- 
ing to which chlorophyll combines with carbon dioxide to form a com- 
pound which is then activated by light (the photochemical reaction), the 
substance so formed then breaking down to chlorophyll and products, 
in a dark reaction. The scheme thus has a general resemblance to that of 
Willstatter and Stoll. 

From a detailed consideration of the experimental data presented by 
the work on the induction period in photosynthesis mentioned earlier in 
this chapter, Briggs proposed a scheme of the course of the photosyn- 
thetic process which he decided was the simplest which could explain the 
observed facts. According to this a complex of carbon dioxide with some 
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substance, perhaps chlorophyll, is formed, and this by absorption of light 
energy is converted to some other substance (the photochemical reaction) 
which after combination with a catalyst is broken down to give the first 
carbohydrate product of photosynthesis, oxygen and the original sub- 
stance with which the carbon dioxide first combined. The scheme is 
represented thus: 

S + CO, ^ s c 
S c + energy # S, 

S, + B ^ X 

X —*■ B + S + products 

where S is the original substance combining with carbon dioxide to pro- 
duce the substance S c , which is activated by light energy to produce the 
primary photochemical product St. This finally breaks down with the aid 
of the catalyst B to give the products of photosynthesis and the original 
substance S. On the schemes of Willstatter and Stoll and of Emerson and 
Arnold S is chlorophyll, but the identity of this substance, as well as the 
nature of the first carbohydrate product, is left open by Briggs. 

Later this scheme was modified by Briggs from a consideration of 
data obtained of determinations of photosynthesis in flashing light. The 
experiments of Emerson and Arnold had indicated that with flashes of 
about 10 ~ 6 seconds duration separated by dark periods of 0-1 second one 
molecule of carbon dioxide was reduced after each intense flash for about 
every 2000 molecules of chlorophyll present. The earlier experiments of 
Warburg and the later ones of Briggs showed that when the duration of 
the flash is greatly increased many more carbon dioxide molecules may 
be reduced. Briggs was able to show that the experimental data could be 
explained by assuming that the energy absorbed by chlorophyll is not 
passed on directly to the substance S c in the scheme mentioned above, 
but through a substance A, the activation of which to a substance A' is 
sensitized by chlorophyll. The activated substance A' then reacts with 
S„ to give a substance S c ' and the original A, while S c ', either directly or 
by the agency of a catalyst, breaks down to the photosynthetic products 
and the original S. 

Recent work by Ruben and his collaborators on the source of the 
oxygen evolved in photosynthesis suggests that the Willstatter and Stoll 
hypothesis is untenable. On this theory the oxygen arises from the break- 
ing down of the carbonic acid, combined in the chlorophyll-carbonic acid 
compound, to formaldehyde and oxygen, so that, neglecting the chloro- 
phyll, we can represent the fate of the oxygen in the primary reactants 
thus: 

CO, + H,0 = H,CO, 

H,CO, = H.CHO + O, 

It will be observed that not more than half of the oxygen evolved 
could come from the water provided; at least half must come from the 
carbon dioxide. Now Ruben and his co-workers exposed ChloreUa to light 
in a bicarbonate solution in which both the water and bicarbonate con- 
tained a certain proportion of the heavy isotope of oxygen, O 1 *, the pro- 
portions of water and bicarbonate (and hence carbon dioxide) containing 
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heavy oxygen being different. In all their experiments they found that 
the proportion of heavy oxygen in the gas evolved was that in the water, 
and bore no relation to that in the carbon dioxide. This has since been 
confirmed by other workers. This result indicates that the oxygen comes 
entirely from the water, and that none comes from the carbon dioxide 
and so provides a very strong argument against the Willstatter and Stoll 
scheme. 

While much stress has been laid on respiration, the breaking down of 
sugar to carbon dioxide and water, as an oxidation process, much less 
emphasis has been laid on the production of sugar from carbon dioxide 
and water as a reduction of carbon dioxide, although references to this 
aspect of photosynthesis are to be found in the literature. This point of 
view was, however, brought into prominence by Van Niel’s work on the 
purple sulphur bacteria published in 1931. These organisms effect the 
photosynthetic production of carbohydrate from carbon dioxide and 
hydrogen sulphide, the equation for the whole process being 
0CO, + 12H,S = C,H„0, + 6H,0 + 12S 
the sulphur being then further oxidized to sulphate. This can be regarded 
as a typical reduction of carbon dioxide by the transference of hydrogen 
from donor (hydrogen sulphide) to acceptor (carbon dioxide). Comparing 
this with normal photosynthesis, in the latter water takes the place of 
the hydrogen sulphide and the equation for the whole process becomes 
6CO, + 12H.O = C,H m O, + 6H,0 + OO, 
the carbon dioxide as before being the hydrogen acceptor while the 
hydrogen donor is now water. Assuming the only difference in the two 
processes lies in the nature of the hydrogen donor, it is clear from a com- 
parison of the two equations that in normal photosynthesis the oxygen 
must come from the water in the same way that the sulphur comes from 
the hydrogen sulphide in photosynthesis by the purple sulphur bacteria. 
This view of photosynthesis is thus in harmony with the finding of Ruben 
and others regarding the origin of the oxygen produced in photosynthesis. 

A direct transference of hydrogen from water to carbon dioxide could 
result in the formation of formaldehyde hydrate, which on elimination 
of water would give formaldehyde thus: 


0=0=0 + 4H 


HO 


H 

-L 

k 


-OH 


H 

I 

o=c + 

k 


H.O 


However, it has been pointed out by Rabinowitch that this action is not 
very probable as it would involve the transference of both hydrogen 
atoms of two molecules of water to each molecule of carbon dioxide. It 
would be much more likely for the molecules of water to provide only 
one atom of hydrogen each, the corresponding hydroxyl groups of a pair 
of water molecules reacting together to give a molecule of water and an 
atom of oxygen. 

It has already been noted that Willstatter and Stoll and other workers 
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had suggested the formation of a compound of chlorophyll and carbon 
dioxide as the first stage in photosynthesis. Some more recent workers, 
including Ruben and Kamen, have taken a different view. 

Reference has already been made to Ruben’s work on photosynthesis 
with radioactive carbon and the evidence produced by him that the car- 
bon dioxide is fixed in a carboxyl group contained in a large molecule. 
This reaction takes place in the dark. In light the carbon, although still 
contained in a large molecule, is no longer in a carboxyl group. Ruben 
considered that the large molecule might contain polyphenol groupings. 

As a result of their experimental findings Ruben and Kamen tenta- 
tively suggested a theory of photosynthesis according to which the first 
stage is a reversible dark reaction, probably enzymatic, in which carbon 
dioxide is reduced to carboxyl thus: 

enzyme 

RH + CO, — , h R.COOH 

The substance R.COOH is the substance with the large molecule formed 
in the dark; R possibly contains polyphenol groups. In light this sub- 
stance is further reduced by water to give a — CH,OH in place of the 
carboxyl group, together with evolution of oxygen thus: 

R.COOH + H t O + nhv i Illoro, *Z" R.CH.OH + O, 

Ruben and Kamen further suggest that the substance R.CH,OII might 
then repeat these actions, first adding a molecule of carbon dioxide to 
form a carboxyl group which then in light also undergoes reduction: 

enzyme 

R.CH.OH + CO, — -» R.CHOH.COOH 

R.CHOH.COOH + H.O + nhv ! hloro E!^ , i R.CHOII.CH.OH + O, 

By continued repetition of this process a long chain molecule 

R.CHOH.CHOH CHOH.CH,OH might thus be built up and Ruben 

and Kamen suggest that in some plants starch might thus be formed 
before simple sugars, which would be produced by the splitting of the 
long chain. This would involve some internal rearrangement of the atoms 
in the chain as a reference to the formulae of glucose and starch will at 
once make clear (pp. 116-19). Later Ruben admitted that the fixation of 
carbon dioxide is complex and to overcome certain difficulties in his 
original scheme he suggested that the substance RH is first phosphory- 
lated by an energy-rich phosphate donor such as adenosine triphosphate. 
This suggestion, however plausible, is at present hypothetical. 

The possible mechanisms of photosynthesis involved in Van Niel’s 
theory have been considered in detail by Rabinowitch who points out 
that the overall process can be regarded as a series of oxidation-reduc- 
tions in which hydrogen of water, possibly held in some complex, is 
transferred to a first acceptor, which is thereby reduced. From this 
hydrogen is transferred to a second acceptor and so on through a series 
of such reactions until finally the hydrogen is transferred to carbon dioxide 
which might be held in combination in some complex compound. These 
series of reactions involve both ‘dark’ and photochemical stages; the 
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photochemical stage might be anywhere in the series. To elucidate the 
mechanism of photosynthesis it is obviously of first importance to deter- 
mine which stage of the process is the photochemical reaction, but after 
reviewing the available information Rabinowitch concludes that this 
question cannot yet be definitely answered. He himself thinks the best 
working hypothesis of the mechanism of photosynthesis is one which 
may be summarised in the following scheme, in which the symbols A 
and B represent two catalysts in their oxidized forms, while the brackets 
enclosing CO*, HCO, and CH*0 indicate that the groupings are held in 
combination in a complex molecule. 


4A + 4H t O = 4HA + 2H.O + O, 
n f +4[COJ =4B +4[HCO,] 
“1+4A = 4HA + 4B 

4[HCO,] = 8CO, + H,0 + [CH.O] 


The first reaction which consists of an oxidation-reduction between eight 
molecules of one catalyst and eight molecules of a second catalyst, is con- 
sidered to be the primary photochemical reaction. Half of the oxidized 
catalyst (A) resulting from this is involved in the transference of hydro- 
gen from water with re-formation of the reduced catalyst HA and pro- 
duction of oxygen; the other half of the oxidized catalyst A is involved 
with the whole of the reduced catalyst HB in the reduction of carbon 
dioxide by a process called energy dismutation, in which the re-oxidation 
of four molecules of HB by A assists the reduction of four molecules 
of carbon dioxide by four other molecules of HB. The justification for 
assuming an action of this kind is that such do take place in chemo- 
synthesizing bacteria. Thus on Rabinowitch’s hypothesis the photo- 
chemical reaction in photosynthesis is neither the primary oxidation of 
water nor the primary reduction of carbon dioxide, both these being 
effected by products of the photochemical reaction, or perhaps by deriva- 
tives of those products. 

Many workers have attempted to connect enzyme systems with- photo- 
synthesis. Willstatter and Stoll, as we have seen, suggested that after the 
photochemical reaction had resulted in the formation of a peroxide the 
latter was decomposed through the agency of an enzyme, possibly a 
peroxidase. The universal presence of catalase in plant tissues has sug- 
gested to a number of workers that hydrogen peroxide might be an inter- 
mediate product of photosynthesis, the catalase effecting its decomposi- 
tion into water and oxygen. In spite of many attempts to correlate photo- 
synthetic activity with that of catalase activity there is not sufficient 
evidence to show that the two are quantitatively related. Apart from 
catalase and peroxidase, there are various oxidase systems which might 
be concerned in the release of oxygen. Much is now known about the 
effects of various substances in inhibiting the action of oxidising enzymes 
and hence the effects of inhibitors of different enzymes on photosyn- 
thesis have been examined with a view to obtaining information on the 
part played by the enzymes in photosynthesis. 
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It is well established that hydrocyanic acid and cyanides inhibit the 
action of a number of enzymes including catalase, carbonic anhydrase 
and various oxidases. In 1919 Warburg showed that the photosynthetic 
activity of Chlorella was reduced by cyanide in strong light, whereas in 
low light intensities it had no effect. This was interpreted by Warburg as 
indicating that cyanide inhibits a ‘dark’ reaction, but not the photo- 
chemical reaction, since in low light intensities the photochemical reac- 
tion will be limiting the rate of the whole photosynthetic process, 
which will not be so in high light intensities when a dark reaction will be 
the limiting factor. Warburg found that urethane inhibits photosynthesis 
in both high and low light intensities, and so presumably inhibits both 
the photochemical and dark reactions. Urethane, it may be noted, is an 
inhibitor of catalase, but it does not follow that it may not act in photo- 
synthesis in some other way than by inhibiting the action of an enzyme, 
as, for instance, through adsorption of the urethane by chlorophyll, thus 
reducing the active surface of the latter. Another inhibitor of a number of 
enzymes, including catalase and certain dehydrogenases, is iodoacetic 
acid, which according to Kohn also inhibits photosynthesis; this would 
suggest that dehydrogenases may play a part in photosynthesis as Van 
Niel’s theory would suggest. On the whole it cannot be said that work 
on the effect of enzyme inhibitors on photosynthesis has so far helped 
greatly towards an elucidation of the photosynthetic mechanism. 

Since chlorophyll is held in the chloroplasts these have generally been 
regarded as the seat of the photosynthetic process, but failure to obtain 
any clear evidence of photosynthesis in chloroplasts isolated from the cell 
raises the question whether the cytoplasm is also involved. More than 
fifty years ago Ewart observed a very slight evolution of oxygen from 
isolated chloroplasts exposed to light, and in recent years this finding has 
been confirmed by other workers. The amount of oxygen given off from 
isolated chloroplasts is, however, so very little, and moreover does not 
appear to be accompanied by any absorption of carbon dioxide, that it 
has been held as extremely doubtful whether this evolution of oxygen 
has anything to do with photosynthesis. 

V - ' In 1989, however, R. Hill published the results of work with isolated 
chloroplasts of Stellaria media and Lamium album which threw more 
light on the matter. The chloroplasts were exposed to light when sus- 
pended in a solution of haemoglobin and oxygen production examined 
by observing the formation of oxyhaemoglobin by means of a spectro- 
photometer. In this way Hill confirmed the evolution of oxygen from 
isolated chloroplasts, but only when these were in the presence of leaf 
extracts or certain ferric salts. Thus in presence of ferric oxalate the latter 
was reduced to ferrous oxalate and oxygen evolved. The chloroplasts did 
not utilize carbon dioxide. Hill concluded that the chloroplast contains 
a mechanism in which light energy is absorbed and thereby reduces a 
substance, not carbon dioxide, with release of oxygen. This substance he 
regarded as capable of rapid re-oxidation, behaving in this way like a 
catalyst concerned in hydrogen transference. Later work by Warburg 
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and Liittgens and by Aronoff showed that isolated chloroplasts and dis- 
integrated chloroplasts (‘grana’) 1 could effect the photoreduction of other 
substances besides ferric salts, including a number of quinones. 

Hill and Scarisbrick concluded that the system in the isolated chloro- 
plast responsible for the photoreduction of these various substances with 
evolution of oxygen forms part of the normal photosynthetic mechanism. 
Like photosynthesis, the evolution of oxygen by isolated chloroplasts is 
inhibited by urethane. Cyanide and a number of other inhibitors such as 
fluoride, azide and hydroxylamine, however, are without influence on 
the evolution of oxygen by the chloroplasts. As we have already seen, 
Warburg concluded that cyanide inhibits a ‘dark* reaction, but not the 
photochemical reaction, in photosynthesis. From all their findings Hill 
and Scarisbrick concluded that oxygen in photosynthesis is evolved in a 
photochemical reaction not involving carbon dioxide. 

Kumm and French found that if plants were kept in the light before 
isolation of their chloroplasts the rate of evolution of oxygen by them 
was much greater than from chloroplasts isolated from plants previously 
kept in the dark. The conclusion drawn from this observation is that a 
substance is formed in the chloroplasts during exposure to light and this 
substance is necessary for the evolution of oxygen from the isolated 
chloroplasts exposed to light. This substance is not identified, but it 
might be an intermediate in the photosynthetic process. 

The above discussion on the mechanism of photosynthesis has not 
taken into consideration the presence of more than one chlorophyll and 
the presence of carotenoids and the pigments occurring in the red and 
blue-green algae. As regards the existence of more than one chlorophyll 
theories have been propounded from time to time attributing a different 
chemical r6le to chlorophylls a and b. Thus it has been suggested by more 
than one writer that light energy is absorbed by chlorophyll a in a process 
whereby carbon dioxide is reduced and the chlorophyll a oxidized to 
chlorophyll b which is then converted back to chlorophyll a with evolu- 
tion of oxygen; in these conversions it was suggested that the carotenoids 
might play a part. More recently Seybold has suggested that whereas 
chlorophyll a is concerned in photosynthesis, chlorophyll b is involved in 
starch formation. In support of this idea Seybold pointed out that in 
Vaucheria, where starch does not occur, chlorophyll b is also absent, 

1 The idea that the chloroplast consists of a colourless ground mass in which 
chlorophyll-containing granules or grana are embedded was put forward by 
Meyer in 1888. Since that time various different views of the structure of the 
chloroplast have been held, but in recent years a number of workers, ineluding 
Doutriligne, Heitz, Weier, and Granick and Porter have produced evidence in 
favour of the grana theory of chloroplast structure. With the aid of the electron 
microscope the last named workers have decided that the chloroplast of spinach 
contains from 40 to 60 grana embedded in a matrix or stroma. The leaf pigments 
are probably contained in the grana, although it cannot yet be concluded defin- 
itely that this is so. According to Granick and Porter the so-called grana of Aronoff 
are fragmented chloroplasts consisting of groups of grana embedded in stromatic 
material. 



THE ASSIMILATION OF CARBON BY AUTOTROPHIC PLANTS 248 


while in those monocotyledons which do not form starch the ratio of 
chlorophyll b to chlorophyll a is less than in starch-forming angiosperms. 
However, theories which involve different chemical reactions for the 
different chlorophylls fail to take account of the very similar molecular 
structure and chemical properties of chlorophyll a and chlorophyll b, 
which make it probable that their chemical behaviour in the plant is 
similar. While the molecular structures of chlorophyll c and chlorophyll d 
are not yet known, it would appear likely, from what is so far known of 
their properties, that they resemble closely chlorophyll a and chlorophyll 
b in their chemical behaviour. 

The most reasonable view of accounting for the presence of more than 
one chlorophyll is that of Willstatter and Stoll who considered that the 
value to the plant of more than one chlorophyll lay in the fact that a 
mixture of chlorophylls will absorb light over a wider range of frequencies 
than will one chlorophyll only. Thus the chief absorption bands of the 
spectrum of chlorophyll b lie between those of chlorophyll a while the 
absorption spectra of chlorophylls c and d likewise are different from ' 
those of chlorophyll a and chlorophyll b and from one another. 

As regards the function of the carotenoids, Willstatter and Stoll 
thought these might form part of a system preventing the photo-oxida- 
tion of chlorophyll, since these yellow pigments all rapidly absorb oxygen. 
It has also been suggested that the carotenoids might also play a part in 
the absorption of light energy which would be utilized in photosynthesis. 
Recent evidence in support of this view has been produced by Dutton 
and Manning and by Emerson and Lewis. The former investigators 
worked with the marine diatom Nitzschia closterium. Duplicate samples 
of this organism were allowed to photosynthesize in red light, from which 
practically all the energy absorbed is by chlorophyll, and in a light of 
shorter wave-length from which much of the energy is absorbed by 
carotenoids. The quantum yield, that is the number of molecules of 
carbon dioxide utilized in photosynthesis per energy quantum (see 
p. 228), was then determined under the different conditions of illumin- 
ation. The highest yield obtained, about 01, agreed with that found by 
Emerson and Lewis for Chlorella. With wave-lengths of 5461A (green), 
4858A and 4047-78A (violet) the observed yields were about the same 
as those obtained with red light, 6650A, although in the lights of wave- 
lengths 5461A and 4858A about half of the light absorption was by 
carotenoids and in light of 4047-78A about 40 per cent. In light of 
wavelength 4960A the quantum yield was only 70 to 80 per cent, of 
that in red light, but the carotenoids accounted for 90 per cent, or more 
of the total light absorption. On the assumption that only the light 
absorbed by the chlorophyll is utilized in photosynthesis this would 
mean a quantum yield of over 100 per cent., which is impossible. This, 
and indeed the results of the experiments with other wave-lengths, lead 
to the conclusion . that light energy absorbed by the carotenoids is 
utilized in photosynthesis. 

N/the experiments of Emerson and Lewis were carried out on much the 
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sane lines with the blue-green alga Chrodcoccus and the green alga 
Chlorelia. They concluded that in these forms the yellow pigments played 
some part in the absorption of light for photosynthesis but that the 
quantum yield for the light absorbed by the carotenoids was very much 
less that for the light absorbed by chlorophyll. 

Emerson and Lewis concluded, however, that the light absorbed by 
the blue pigment, phycocyanin, of Chrodcoccus was utilized in photo- 
synthesis to the same extent as that absorbed by chlorophyll. This find- 
ing supports the theory of ‘chromatic adaptation’, at least as far as it 
concerns the red algae, according to which the red and blue pigments of 
those forms are able to absorb green and blue-green light for photosyn- 
thesis and so bring about an adequate absorption of light energy in 
depths of the sea where the light will be largely devoid of the red rays 
which are strongly absorbed by chlorophyll. 

THE FORMATION OF STARCH 

Although in a great number of plants starch is produced in the 
assimilating organs after exposure to light, we are justified in regarding 
the photosynthetic process as complete on the formation of sugar. For 
in the first place many plants do not form starch at all in the assimilat- 
ing cells, as in the case of a number of monocotyledons, including the 
bluebell ( Scilla non-scripta) and snowdrop ( Galanthus nivalis), 1 and, in 
the second place, starch undoubtedly arises in non-photosynthesizing 
organs and in the dark from sugar which has migrated there. 

We must therefore regard the starch produced in leaves as a tem- 
porary storage product which forms when the concentration of sugar in 
the leaf reaches a certain value, although we must suppose that not only 
sugar concentration, but other factors, such as temperature, hydrogen- 
ion concentration and concentration of some enzyme or enzymes, in- 
fluence the rate of the change. As regards the question of the enzyme 
involved, until a few years ago it was generally supposed that starch was 
produced from sugar by the action of amylases working in the direction 
of synthesis. However, the work of Hanes and of Bourne, Macey and 
Peat described in an earlier chapter (p. 121) showed that starch could be 
synthesized in vitro from glucose-1 -phosphate by means of two enzymes 
called the P-enzyme (or phosphorylase) and the Q-enzyme. The course 
of synthesis of starch from glucose may therefore be through the phos- 
phorylation of glucose to produce glucose-l-phosphate from which starch 
is synthesized through the agency of phosphorylase and the Q-enzyme. 
It is thus possible that the synthesis in the plant of starch from sugar is 
brought about through the agency of enzymes different from those effect- 
ing the hydrolysis of starch to sugar, namely, the amylases. 

The critical concentration of sugar which must be reached before 
starch is produced we might expect to vary from one species to another, 
even under the same conditions of temperature, since we may with 

1 la such plants, however, starch may be present in the guard cells of the 
stomata and in the sheath surrounding the vascular bundles. 
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reason expect the internal conditions of the cells to be different in differ- 
ent species, and it may be that herein is to be sought the explanation of 
the different amounts of starch produced in the leaves of different species. 
Certainly in some leaves, for instance those of Muscari, which normally 
produce no starch, this substance is produced when the concentration of 
sugar is raised considerably above the amounts normally present. 

The sugars produced in the assimilating cells are, as we have seen, 
chiefly glucose, fructose and sucrose, whereas starch is a condensation 
product of glucose only. The transference of glucose to starch is, as we 
have seen, explicable as a synthetic action of the P and Q enzymes, but 
the transference of fructose and sucrose into starch is not so simply explic- 
able. Whether the fructose and fructose unit of sucrose are converted 
directly into starch, or whether the fructose is first converted into glu- 
cose, or whether only the glucose in the assimilating cells forms a source 
of starch cannot at present be decided, but as there is no conspicuous 
increase in the amount of fructose in comparison with glucose during 
starch formation in leaves, it seems possible that both fructose and 
sucrose are utilized for starch formation either directly or indirectly. But 
analyses are difficult and for the most part unreliable, and it is difficult to 
form a judgement on the matter. 

It has been noted earlier that naturally occurring starch consists of 
two components, amylose and amylopectin. The differences observed in 
the starches from different plants may be due, at least in part, to different 
proportions of amylose and amylopectin in the whole starch. Thus the 
amylopectin component of potato starch comprises about 80 per cent of 
the whole; while the ‘waxy* starch of the grains of some varieties of 
maize appears to consist entirely of amylopectin. It has been mentioned 
earlier that the starch of the seeds of varieties of smooth peas contained 
about 66 per cent, amylopectin, while only 2 per cent, of the starch of 
a wrinkled variety of pea is amylopectin. 

Starch is insoluble in water, and, as is well known, is produced in the 
plant in the form of granules. It is generally agreed that starch grains 
are always formed in plastids. Thus in the assimilating organs the starch 
grains are formed in the chloroplasts, and in places of more permanent 
storage in the leucoplasts. The starch grains formed as a temporary 
reserve in the chloroplasts are usually small and several of them may be 
formed in a single plastid, whereas in storage organs there is usually only 
one starch grain formed in one leucoplast, and it may be a relatively large 
structure with a form characteristic of the species. 

In those species which do not form starch as a temporary reserve after 
photosynthesis, sugars, and particularly sucrose, appear to be the sub- 
stances temporarily stored. Very rarely, as in the leaves of species of 
Maregravia, inulin is produced and serves as a temporary storage product. 
It occurs much more frequently as a more permanent storage product in 
the underground organs of various perennials, but further reference will 
be made to this question in a later chapter. Here it will be sufficient to 
point out that the synthesis of sucrose and inulin may be effected by the 
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enzymes sucrase and inulase respectively catalysing in the direction of 
synthesis. 

THE FORMATION OF CELLULOSE AND OTHER COMPLEX 

CARBOHYDRATES 

A number of complex carbohydrates, apart from starch, are common 
constituents of plants. Of these the most important is cellulose, which is 
a constant, and the most significant, constituent of cell- walls throughout 
the plant kingdom with the exception of fungi, bacteria and certain algae. 
Other complex carbohydrates are the so-called hemicelluloses, which are 
also found in cell-walls, where they occur sometimes in considerable 
quantity as reserve substances, often called reserve cellulose. Still other 
complex carbohydrates are the various pectins, gums, resins and muci- 
lages. The formation of these substances is not limited to the assimilat- 
ing organs and cellulose occurs in all the growing regions following 
nuclear division. They must therefore be produced from carbohydrate 
material transported from the assimilating cells to the seat of their 
formation. 

Cellulose, like starch, on hydrolysis yields glucose, and is therefore to 
be regarded as a condensation product of this substance, and much of the 
sugar transported from the leaf is utilized in the production of cellulose 
in cell- walls. Its empirical formula, like that of starch, is (C # H 10 O 5 ) n . 
Various views have been held with regard to the structure of the cellulose 
molecule, but that which now finds general acceptance regards the cellu- 
lose molecule as consisting of a straight chain of glucose anhydride groups 
linked up through an oxygen atom thus: 


CH,OH 

H OH | H OH 

C C C O C C 



The number of glucose residues linked together in this way in the 
cellulose molecule is, according to Haworth, about 200; other estimates 
are both higher and lower than this. It also seems likely from the 
researches of Haworth and his collaborators that the cellulose molecule 
forms a chain with two ends; that is, the valencies shown in the formula 
above at each end of the molecule are satisfied by two univalent atoms 
or groups, such as, for example, — H or — OH, and are not joined up so 
that the whole molecule forms a large ring. 1 Haworth suggests that pos- 
sibly there are infrequent cross-linkages between adjoining chains. 

1 The molecule of cellulose thus differs from that of the straight chain com- 
ponent of starch (amylose) in the space relations of alternate glucose groups. 
The amylose molecule, in fact, consists of a chain of maltose groupings, while 
that of cellulose consists of a chain of residues of another disaccharide, namely, 
cellobiose. 
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As regards the mode of formation of cellulose in the plant, it appears 
always to be secreted by the cytoplasm, either as cellulose itself, or as 
some simpler substance which polymerizes into cellulose. Possibly the 
synthetic action of a cellulase or cellobiase is involved in the formation of 
cellulose, though the fact that such enzymes have not been isolated either 
from higher or most lower plants renders such a hypothesis unsatisfying. 
It has been suggested that a starch-like substance may be an interme- 
diate product in the formation of cellulose, but although both the starch 
and cellulose molecules are condensation products of glucose, it will be 
observed that the difference between them is not simply that the cellulose 
molecule contains a larger number of such units than starch; the arrange- 
ment of the glucose groupings in the two products is different, so that 
the transformation of starch to cellulose probably involves the breaking 
down of the former to glucose before the cellulose can be synthesized. 

The so-called hemicelluloses, including the reserve cellulose found in 
the thick cell-walls of certain seeds such as those of Lupinus luteus , 
Tropacolum majus, Plantago spp., and notably the date, Phoenix dactyli - 
fera , are condensation products of various sugars. Thus, the reserve 
celluloses of the seeds of Lnpinits luteus are complex substances of this 
kind built up of various pentose and hexose sugars, the latter including 
glucose, fructose and galactose. In the hemicelluloses present in the seeds 
of the date palm and coffee, mannose, as well as galactose, groups are 
present. It also appears probable that uronic acids (oxidation products 
of sugars in which the alcoholic — CH 2 OII group is oxidized to the acid 
group — COOH) also enter into the molecules of hemicelluloses. 

The gums and mucilages met with in some plants appear to have a 
composition rather similar to that of the hemicelluloses but to involve 
pentose sugars in their composition. Thus gum produced by cherry and 
plum trees appears to be a condensation product of the pentose sugar 
arabinosc, while gum arabic, formed in various species of Acacia , appears 
to contain groupings of galactose, galacturonic acid and arabinose. The 
mucilages which occur in many succulent plants and occasionally in 
other plants, as, for example, on the surface of the seed coat of species of 
Linum , are also condensation products of various sugars, apparently both 
pentose and hexose. Both gums and mucilages are produced as cell- wall 
material, but, like the hemicelluloses, their mode of formation from 
sugars can only be guessed. 

The pectic substances are also general constituents of cell- walls. Their 
composition has been discussed earlier (p. 124) where it was indicated 
that they comprise three kinds known as (1) pectates which are salts of 
pectic acid, such as calcium pectate, (2) soluble pectins which are methyl 
esters of pectic acid, and (8) insoluble pectins which may be similar in 
composition to soluble pectin but possessed of larger molecules. Pectic 
acid, the basis of all kinds of pectin, is now thought to be a condensation 
product of galacturonic acid, and the difference between soluble and 
insoluble pectin may only consist in the greater length of the chain of 
galacturonic acid groupings in the latter. It is doubtful if free pectic acid 
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occurs in plants. Soluble pectin occurs in both: the vacuole and wall of the 
cells in many plants. The view that the middle lamella of the cell-wall is 
composed of calcium pectate is very generally held, but doubt has been 
cast on the very presence of a middle lamella in adult cells while, as 
mentioned in an earlier chapter, non-pectic substances have also been 
suggested as composing the middle lamella in young cells. 

Prom what has been written above it will be seen that many and 
varied condensation products of the simple sugars are synthesized in 
plants. The two chief functions of these complex carbohydrates is are to 
provide material for cell- walls, and to serve as reserves. Little, however, 
is known regarding their mode of origin. 

THE FORMATION OF FATS AND LIPOID SUBSTANCES IN PLANTS 

Carbohydrates are not the only compounds of carbon, hydrogen and 
oxygen which enter into the make-up of the plant. In every plant, and 
indeed in every living cell, fats or substances allied to fats are present, 
and are often to be observed as globules known as ‘oil drops’. These fatty 
substances, or lipincs, include not only true fats, but also more complex 
compounds in which fat groupings enter into combination with others 
containing other elements, notably nitrogen and phosphorus. 

The true fats are glyceryl esters of the fatty acids of which the tri- 
glycerides of caproic acid and of oleic acid, C 3 H 6 (OOC.C 5 H u ) a and 
C a H 6 (OOC.C la H a4 ) 3 respectively, may be taken as representative of a 
considerable number of such substances met with in plants. On hydro- 
lysis the fat yields glycerol and the corresponding fatty acid; triolein, the 
triglyceride of oleic acid, for example, gives glycerol and oleic acid: 

C 3 H 4 (OOC.C ls H 34 ) 3 + 3HjO = CjH 5 (OH) 8 + 8C 18 H 34 .COOH 

In addition to these true fats similar substances occur, though in 
much smaller amounts, in which the place of glycerol is taken by a mono- 
hydric alcohol. Such substances have been defined as waxes, though the 
tendency now seems to be to include the alcohols themselves in the 
category of waxes, and to distinguish their products of combination with 
fatty acids as wax esters. 

A number of such alcohols have been isolated from plants, some of 
them, those obtained from leaves, possessing molecules with a straight 
chain of carbon atoms, such as n-octacosanol CH 3 .(CH a ) M .CH a OH. Others 
occurring in seeds appear to involve rings of carbon atoms in the molecule 
and to be related to the animal product cholesterol; such are generally 
termed phytosterols, of which sitosterol C a7 H 45 OH and stigmasterol 
C ae H 47 OH are the best known. How far these substances occur in the free 
state as well as combined with fatty acids is not clear. In leaves, at any 
rate, the constituent waxes have been shown to contain, or to be accom- 
panied by, other substances such as paraffins and sometimes ketones. 

As regards the more complex fatty substances in plants, the most im- 
portant of these are phosphorus-containing compounds of nitrogen bases 
with flatty acids. They appear to be constant constituents of protoplasm 
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and are known as phosphatides, phospholipins, lecithides and phospho- 
lipoids. The best known of these are the lecithins, compounds of glycerol, 
fatty acid, phosphoric acid and the nitrogen-containing base choline (see 
p. 808). To dipalmityl lecithin, for example, the constitutional formula 
given below is ascribed: 

CH,.COOC l5 H„ 

i}H.COOCjjH al 

I /OH 

CH *-°-||<o.(CH s ) 1 .N(CH 3 ) J 
O OH 

Here the fatty acid involved is palmitic acid, C 15 H 31 COOH, but it 
appears that various lecithins occur with other fatty acids in place of 
palmitic acid. 

The true fats in plants are for the most part reserve substances and 
play the same part in the life of the plant as do reserve carbohydrates. 
Thus they occur chiefly in storage organs, particularly seeds. While one 
particular fat may predominate in the fruits and seeds of one species, 
generally there is present a mixture of fats, while phytosterols are as a 
rule also present in small quantity. Whether these latter are storage sub- 
stances is doubtful, for they occur in green parts of plants in greater 
quantity than in seeds, and in the latter they may be present in greatest 
amount in the embryo. 

Little that is definite is known with regard to the origin of the reserve 
fats of fruits and seeds. They appear to arise from sugars, and various 
observations are on record of the sugar content of fruits and seeds falling 
while the fat content rises. The numbers given in Table XLVII are taken 
from a paper published by Leclerc du Sablon in 1896, and illustrate this 
point. 


Table XLVII 

Changes in Sugar and Fat Content of Almond Fruits during Ripening 


The quantities are given as percentages of dry weight 


Date of Collection 

Fat 

Glucose 

Sucrose 

Amylose (starch, 
dextrine, etc.) 

9 June 

2 

60 

6*7 

21*6 

4 July 

10 

4-2 

4*9 

14*1 

1 August 

87 

0 

2*8 

6*2 

1 September .... 

44 

0 

2*6 

5*4 

4 October .... 

46 

0 

2 5 

5*3 


How the change from carbohydrate to fat is brought about is not 
known. Ivanov, in 1911, from investigations on the chemical changes 
taking place during the ripening of various fat-containing seeds, namely, 
those of flax, hemp, rape and sunflower, came to the conclusion that the 
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carbohydrate first gives rise to glycerol and saturated fatty acids. The 
latter are then transformed into unsaturated fatty acids, which, reacting 
with glycerol by means of the synthetic action of lipase (cf. p. 120), give 
rise to the fats. Since fats contain considerably less oxygen relative to 
carbon than do carbohydrates, the formation of fats from carbohydrates 
will involve the evolution of oxygen which, being available for respira- 
tion, will thus bring about a lessening of the volume of that gas absorbed 
from the atmosphere, so that the measured respiratory quotient will be 
raised above unity. Such was observed to be the case by Gerber in a 
number of ripening seeds and fruits. Thus in flax he found the average 
respiratory quotient during ripening of the seed was 1*22. 

Other suggestions regarding the production of fat have, however, 
been made. Among these may be mentioned that of M’Clenahan, who con- 
sidered that the fat in walnut seeds may be derived from tannins. Little 
evidence in favour of such a .view is, however, forthcoming at present. 

The quantity of wax present in seeds is small, varying in seeds so far - 
examined from 0-12 per cent, in Vitis vinifera to 1-58 per cent, in Kibes 
rubrum. Whether these waxes form part of the food reserve or are 
essential constituents of the protoplasm is not clear. 

From the researches of Chibnall and his collaborators the waxes present 
in leaves appear to be constant constituents of the protoplasm, Sahai 
and Chibnall found that the wax content of leaves of the Brussels sprout 
increases with the age of the plant, as the numbers given in Table XI.VIII 
show. There is no evidence that the wax changes in composition through- 
out the life of the plant. The waxes in the cabbage and Brussels sprout, 
lucerne ( Medicago sativa), cocksfoot ( Dactylis glomerata), perennial rye 
grass (Lolium perenne) and wheat have been isolated and analysed by 
Chibnall and his co-workers, and have been found to involve long-chain 
primary alcohols and mixed fatty acids. The waxes from all these plants 
also contain a paraffin, and that from the Brassica varieties, a ketone as 
well. The principal alcohol in the wax of these latter plants is one witji 
29 carbon atoms, and the paraffin and ketone present are those corres- 
ponding to this alcohol. In lucerne the alcohol is n-triacontanol, that 
is CHj.(CH s ) 31 CH,OH, and in wheat n-octacosanol CH 3 (CH,) t# CH t OH. 

Table XLV1I1 

Wax in Leaves of Brussels Sprout of Various Ages 


Age of Seedling 

Stage of Development of Plant 

Amount of Wax 
in percentage 
of dry weight 

0 

in day* above ground 

. Ungerminated seed 

10 ! 

. Seedlings 2 cm. high 

0 42 

22 

. Seedlings 3-5 cm. high 

0*85 

43 

. Young plants 8-10 cm. high 

M 

54 

Growing plant, laminae 8-10 

1*2 

126 

cm. long 

. Mature plant, laminae 15-25 

1*2 


cm. long 



The fatty acids present in the cabbage leaf consist for the greater part of 
the unsaturated linolenic and linolic acids, but the saturated palmitic 
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and stearic acids are also present. It has already been noted in an earlier 
chapter that the same or similar long-chain alcohols occur in the cuticle 
of apple fruits. 

The more complex lipoid substances, the phospholipins and related 
substances, appear to be universally present as constituents of the proto- 
plasm. They have been recorded for a number of seeds where the amount 
of them appears to vary from about 0-25 to 2 per cent., the higher values 
occurring, according to Stoklasa, in seeds with a high protein content. 
They have also been examined in various leaves, but in those of the 
cabbage Chibnall and Channon found that the so-called phospholipin 
actually contained no nitrogen, all the phosphorus being combined with 
calcium, glycerol and fatty acids, the chief substance of this type present 
being the calcium salt of a diglyceride phosphoric acid, to which has been 
given the name phosphatide acid. To the salt the formula 

CH,OOCR l 

CHOOCRj, 

I 

ClIj.O.P =0 

II 

Ca 

is ascribed where R t and R 2 arc fatty acid radicles. Although lecithins 
are thus absent, a comparison of this formula with that of lecithin (p. 249) 
shows the near relationship between it and phosphatide acid. Both lecithin 
and kephalin were, however, found by Smith and Chibnall to be present 
in the leaves of Dactylis glomcrata. 
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CHAPTER IX 


THE WATER RELATIONS OF THE PLANT 

The importance of an adequate supply of water to a plant cannot be 
overestimated. Water comprises often 75 per cent, or more of the plant 
body, and it enters into the composition of practically every part of it. 
As previously pointed out, it is one of the chief constituents of protoplasm, 
while the growth of cells and tissues only takes place if these contain so* 
much water that they are in a turgid condition. Many, certainly the vast 
majority, of the chemical processes taking place in the plant require 
an aqueous medium for their incidence and continuance, while for the 
all-important process of photosynthesis water is one of the reacting 
substances. 

In the lower plants, including most algae and the simpler fungi, water 
is absorbed over the whole external surface of the plant, and the water 
relations of the plant are those of the water relations of the cell already 
discussed in an earlier chapter. Such is the case not only with unicellular 
forms such as Chlamydomonas, but with filamentous forms such as Spiro- 
gyra and Pythium, flat thalloid forms such as Ulva and more complex 
algae which are completely submerged. With development of life on land, 
however, came the differentiation of specialized organs for the absorp- 
tion of water and substances dissolved in the water, organs which in the 
Pteridophyta and higher plants may be of great complexity. In some 
relatively few species alternative, or supplementary, organs for water 
absorption, such as water-absorbing hairs on the aerial parts of the plant, 
have been developed. In terrestrial plants the excretion of water, either 
in liquid or gaseous form, appears to be as universal a phenomenon as the 
absorption of water. There is thus a more or less continuous stream of 
water through the plant, in the typical flowering plant water being 
absorbed by the roots and passing thence through the stem and branches 
to the leaves, where the greater part of it evaporates into the air. The 
water relations of the higher plant are therefore obviously complex, and 
we have not only a root system developed for absorbing water, but also 
a conducting system specialized for conveyance of the water to the place 
of its utilization or excretion. While it is necessary for a proper under- 
standing of the water relations of the plant to regard them as involving a 
series of interlinked processes, we can conveniently analyse them into 
three constituent processes: absorption, conduction and excretion. 
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THE WATER RELATIONS OF THE PLANT 

ROOT ABSORPTION 

Although it is usual to speak of the root as the absorbing organ, the 
actual absorbing region is very much localized. The absorption is gener- 
ally regarded as carried out by the root hairs which are only formed on a 
limited region of the root. The root apex itself is free from hairs; these 
latter appear on that part just behind the elongating region of the root 
(cf. Chapter XVI), and occupy, as a rule, only a few centimetres of the 
root. They soon wither and die, and are replaced by other hairs develop- 
ing nearer the root apex. There is thus a slow, but continuous, march of 
the root hair region downwards, following the growth of the root and the 
consequent movement downwards of the root apex. 

The root hairs are outgrowths of surface cells. Not only do they serve 
to increase very greatly the absorbing surface, but by their means a much 
greater volume of the surrounding medium is explored. The extent to 
which they increase the absorbing surface depends, however, on condi- 
tions. Generally speaking, there is little development of root hairs in an 
aqueous medium, while, on the other hand, there may be complete inhi- 
bition of root hair development in a very dry soil. Root hairs attain their 
maximum development in damp air, where they may increase the sur- 
face of the root from 5 to 19 times. 

The extent of the root hair development may be gathered from the 
observations of Schwarz. The longest root hairs measured by Schwarz 
were those of Trianea bogotcnsis, roots of which in water were observed 
to bear some hairs as long as 8 mm. Root hairs 5 mm. and 4 mm. long 
were observed respectively in Potamogeton growing in water and Elodea 
canadensis growing in mud. 

As already mentioned, damp air is generally a much more favourable 
medium for the development of the root hair than is soil, and Schwarz 
observed root hairs measuring 0-8, 2-5, 8-2 and 2-5 mm. in length in Vida 
faba, Pisum sativum, Tradescantia erecta and Avena saliva respectively, 
when growing under favourable conditions in damp air. These values are 
very much higher than the mean lengths of root hairs of the same species 
growing in either dry or damp soil, as reference to the data in Table L 
will make clear. 

The whole absorbing area of the root system of most plants must be 
very great. The root system of an annual plant such as sunflower or 
maize may have a total length of several miles, and while only a small 
part of this will bear functioning root hairs, the total area of actively 
absorbing surface must be very considerable. 

The root hair itself consists, as mentioned above, of an outgrowing 
superficial cell of the root. It has a cellulose wall within which is the living 
protoplasmic lining surrounding the vacuole, and it is generally assumed 
that water is absorbed osmotically according to the ordinary laws of 
osmosis. 

Part of the water in the soil is held in some sort of combination with 
colloidal substances present in the soil, part of it is adsorbed to the sur- 
face of soil particles, while more of it may be held in the capillary spaces 
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TabU XL1X 

Development of Root Hairs 


Species 

Conditon of 
Root 

Number of 
Root Hairs 
on 1 mm. 
of Root 

Number of 
Hairs per 
sq. mm. 

Length of 
Hair in mm. 

Ratio of Area 
of Root with 
Hairs to that 
of Root 
without Hairs 

Zea mais . . . 

In damp air 

1025 

425 

0*31 

5*5 

Pisum sativum 

In damp air 

1094 

232 

1*2 

12-4 

Scindapsus pinnatus 

Air roots 

4386 

313 

1-2 

18-7 

Trianea bogotensis . 

In water 

12*3 

10*9 

3-25 

6-63 


TabU L 

Influence of the Medium on the Development of Root Hairs 


Species 

Mean length of Root Hair in mm. in 

very damp soil 

less damp soil 

dry soil 

Vida f aba 

0*24 

0*28 

0*52 

Pisum sativum 

0 33 

0*50 

0*68 

Tradescantia erecla .... 

1*9-2 4 

1*1-19 

0*8-1 *3 

Avena sativa 

11-1*9 

0*8-1 *3 

0 5-1*1 


between the particles of soil. Thus different parts of the water in the soil 
are removed from it with varying degrees of difficulty, and at one time 
a distinction was drawn between available and non-available water, the 
latter being the water left in the soil when a plant growing in it com- 
mences to wilt. The available water contains mineral and sometimes 
organic substances dissolved in it, and forms what is known as the soil 
solution. While the concentration of this may depend to some extent on 
conditions, it is usually very dilute, the total concentration of dissolved 
substances, according to observations made on agricultural soils by a 
number of different observers being of the order of 0 05 to 0-2 per cent. 

The condition for the absorption of water from the soil solution by . 
the root hair is that the suction pressure of the latter should exceed the 
osmotic pressure of the soil solution. The latter being so dilute it is clear 
that the osmotic pressure of the soil solution is very much less than that 
of the root hair, for while the osmotic pressure of the former is usually 
less than an atmosphere, that of the root hair appears to be frequently 
of the order of 5 atmospheres or more. While, owing to the pressure of 
the cell-wall, the suction pressure of the root hair will be less than its 
osmotic pressure, we must suppose that actually a condition of dynamic 
equilibrium is maintained in which the suction pressure of the root hair 
is greater than that of the soil solution, with the result that water is con- 
tinuously absorbed by the root hair. 
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EFFECT OF EXTERNAL CONDITIONS ON ROOT ABSORPTION 

Various external conditions influence the absorption of water by the 
root. These conditions include the concentration of the external medium, 
the nature of the substances present in the medium, the temperature and 
the aeration of the medium, the last named greatly influencing the 
oxygen and carbon dioxide concentration. 

Concentration of the External Medium. Since the absorption of water 
by the root depends on the difference between the suction pressure of the 
root hair and the osmotic pressure of the soil solution it is obvious that an 
increase in the concentration of the external medium, involving as it does 
an increase in its osmotic pressure, must reduce the rate at which water 
is absorbed. Such a reduction in the rate of absorption of water can be 
observed with plants growing in water culture if, say, 1 per cent, of sodium 
chloride or of potassium nitrate is added to the normal culture solution. 
It has been observed, at any rate in some cases, that the reduction in the 
rate of absorption is only temporary, and it would appear that plants 
may possess a power of adaptation which, by bringing about an increase 
in the osmotic concentration of the cell-sap, restores to the root its original 
capacity for absorption. Such a reduction in the rate of absorption, fol- 
lowed by increased absorption, was observed, for example, by Renner in 
water cultures of Vida f aba, as a result of adding potassium nitrate. It 
is not clear whether the subsequent increase in suction pressure of the 
cells is due to absorption of dissolved substances from the surrounding 
medium, or to the production inside the cell of osmotically active sub- 
stances from solid or only slightly osmotically active substances. 

The adaptation to increased concentration of the medium is limited, 
and on soils containing a solution of relatively high osmotic pressure, 
such as saline soils, many species arc unable to grow. On soils with a high 
content of sodium chloride it is well known that a special flora develops, 
the members of which possess definite anatomical features, and which 
are capable of absorbing water from solutions of high concentrations. 
As is to be expected, the cells of such plants may possess high osmotic 
pressures, and in what appears to be an extreme case, Harris, Gortner, 
Hofman and Valentine in 1921 found the sap of plants of Atriplex con- 
\ fertifolia growing on salt flats possessed osmotic pressures of 74-2, 118-5 
and 158-1 atmospheres. Halophytes in general appear to possess a power 
of rapid adjustment to changes in concentration of the external medium. 

Many fungi also appear to be able to absorb water from a medium of 
high concentration, owing to the development of a high osmotic pressure 
within the plant. Thus Eschenhagen in 1889 found that Aspergillus niger 
and Penidllium glaucum when grown on a nutrient solution of high con- 
centration could develop an osmotic pressure of 157 atmospheres, which 
appears to be the highest recorded for any plant cell or tissue. 

Substances present in the External Medium. It has been held for many 
years that certain substances present in some soils may affect the 
absorption of water, on account of their chemical nature and quite apart 
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from the osmotic pressure to which they may give rise. Thus bog and 
moorland soils were regarded by Schimper as ‘physiologically dry* 
because, although they might contain abundance of water, the so-called 
humous acids present in such soils retarded water absorption. Livingston 
and others showed that these soils do contain toxic substances and 
Dachnowski regarded the soil toxins as adversely affecting water absorp- 
tion. However, Montfort carried out a series of experiments which show 
that the water of bog soils exercises no retarding influence on the absorp- 
tion of water, either by bog plants or non-bog plants. Montfort’s method 
of experimentation consisted in keeping the aerial parts of the plants in 
a saturated atmosphere by covering them with a bell- jar, and measuring 
the rate of guttation, that is, the rate at which liquid water was exuded 
from the leaves. Under these conditions it may be assumed that the plant 
soon comes to hold its maximum quantity of water and that the rate of 
guttation is equal to the rate of water absorption. In this way Montfort 
showed that maize, when supplied with bog water, showed no reduction 
in rate of water absorption for many days, though after a time a reduc- 
tion in rate of water absorption took place ascribable to toxic action on 
the roots by substances present in the bog water. Indeed, at first the rate 
of absorption of water actually increased. Similarly cotton grass, Erio- 
pkorum vaginatum, exhibited no decrease in rate of water absorption over 
a period of weeks. 

It has also been suggested that the hydrogen-ion concentration of the 
soil influences the rate of water absorption, some workers holding that in 
an acid medium the rate of water absorption is increased, while others 
hold that acid has a reverse effect. Since acids are toxic to plant cells in 
extremely weak solutions it is, however, doubtful how these observations 
are to be interpreted. 

Temperature. That the rate of water absorption by the root is influ- 
enced by temperature was recognized by Sachs in 1860 , and has been 
shown by other workers since. Possibly the effect of temperature on 
absorption by the root is of the order of that found for water absorption 
and excretion by other types of plant cell (cf. Chapter III). 

Aeration of the Soil. It is well known that poor aeration of the soil, 
involving a deficiency of oxygen as this is used up in respiration and an 
accumulation of carbon dioxide from this same process, will retard 
growth, and a feebly developed root system will result. But also poor 
aeration actually results in a reduced rate of water absorption. This has 
been shown by Kozarov by replacing the atmosphere round the roots by 
carbon dioxide or hydrogen, and by Livingston and Free in a similar way 
with the use of nitrogen. This effect may be due in part to the toxic 
effect of a high concentration of carbon dioxide, and in part to the reduc- 
tion in respiration rate with increased concentration of carbon dioxide 
and decreased concentration of oxygen and perhaps also to the incidence 
of anaerobic respiration under such conditions. In any event it demon- 
strates that water absorption by the root is linked in some way with 
other plant processes, since factors which affect respiration thus influence 
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it. But the problem of the connexion between root absorption and 
respiration still awaits analysis. 

INFLUENCE OF INTERNAL FACTORS ON ROOT ABSORPTION 

Internal conditions in the plant may also affect the rate of water 
absorption by the root. Thus, from what has been written above, it is 
clear that a rise in the osmotic pressure of the root cells will result in an 
increase in the rate of water absorption, owing to the increased suction 
pressure. But root absorption may also be affected by changes farther 
afield. Thus increased rates of utilization or excretion of water may 
also lead to increased rate of water absorption, while alterations in the 
channels by which water is conducted from the roots to the places of 
utilization and excretion may also affect the rate of water absorption. 


ROOT PRESSURE 

If we imagine the cells of the root momentarily in a condition of 
equilibrium in which the cells all have the same suction pressure and 
therefore have no tendency either to absorb water from, or lose water to, 
neighbouring cells, it is obvious that absorption of water from the soil 
by the root hair will disturb this equilibrium, for the suction pressure 
of the root hair being lowered, the neighbouring cells will absorb water 
from them and thereby will suffer a lowering of suction pressure, with the 
result that water will pass farther into the root. So long as water is 
absorbed we should therefore imagine the cells of the root to exhibit 
normally a gradient of suction pressure, the suction pressure being lowest 
in the root hairs. But unless the water passes out of the root altogether 
this gradient of suction pressure would ultimately disappear, and the 
suction pressure of all the cells would finally equalize and come into 
equilibrium with the osmotic pressure of the soil solution. Now it can 
be shown in various ways which will be mentioned later, that water 
actually passes into the xylem of the vascular cylinder, and if a plant 
growing, for example, in well-watered soil is decapitated just above the 
soil, water will exude from the cut surface of the stump, and it is gener- 
ally assumed that the liquid exudes from the cut ends of the xylem 
tracheids and vessels. Not merely, then, is water absorbed into the root 
cells to equalize suction pressures of living cells, but actually a pressure 
is developed which tends to force or draw water into the non-living 
xylem elements, and such a pressure occurs even when the aerial parts 
of the plant are removed, and it is thus present when there is no suction 
on the root resulting from removal of water in aerial parts. The pressure 
under which water passes from the living cells of the root into the xylem 
is termed root pressure or exudation pressure. It can be demonstrated 
and measured by attaching a glass tube to the cut end of the stump of 
the decapitated plant, when water will rise in the tube; or by attaching 
a manometer, when the pressure will be registered. The magnitude of root 
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pressure rarely exceeds one atmosphere and is generally much less, while 
in many plants it is not observable at all. 

The existence of root pressure has often been regarded as difficult to 
explain, but such a pressure would naturally develop if the liquid in the 
xylem vessels and tracheids possessed an osmotic pressure greater than 
that of the soil solution surrounding the root hair. The suction pressures 
of the intermediate cells would adjust themselves automatically to pro- 
duce a gradient between these two extremes. Since the soil solution has 
in general, as we have seen, a very low osmotic pressure, the concen- 
tration of solutes in the xylem elements need not be very high for the 
incidence of root pressure to be explained. Now Atkins found that the 
liquid in the xylem had a higher osmotic pressure than the soil solution, 
and although the osmotic pressure of the cells of the cortex was actually 
higher, this does not necessarily introduce any difficulty, since the actual 
capacity of the cells to absorb water depends, not on the osmotic pressure 
itself, but on the suction pressure, which is less than the osmotic pressure 
by the amount of the turgor pressure. The turgor pressure may un- 
doubtedly be considerable, and will increase rapidly with water absorp- 
tion, especially in a compact tissue, so that we should reasonably expect 
the actual suction pressures of the living cells of the root to be consider- 
ably less than their respective osmotic pressures. If then P g is the osmotic 
pressure of the soil solution, P x that of the liquid in the xylem tracheae, 
P„, P 6 , • • . those of the successive living cells of the root through which 
the water passes and T a , T 6 , . . . the respective turgor pressures of these 
cells, the condition for the development of root pressure is that 
P, < (P« — T„) < (Pj — Tj) ... < P* 

In order to demonstrate this point Priestley and Armstead made 
determinations of the solutes present in the liquid contained in the xylem 
of the vine, Vitis vinifera, and showed that the liquid contained 0-272 
per cent, of dry matter, of which 0-186 per cent, was hexose, 0-066 per 
cent, inorganic matter and the remainder other organic matter. These 
values agree quite well with earlier determinations made by Dixon and 
Atkins of the liquid in the vessels of the sycamore. Comparing these 
numbers with those found for the soil solution, in which the concentration 
of solutes may be as low as 0-05 per cent., we see that the conditions for 
root pressure are likely to be fulfilled. 

It may be noted that an osmotic pressure equal to that of 0-1 per cent, 
potassium nitrate solution will give rise to a root pressure of about 0*86 
atmosphere. The observed differences in concentration of soil solution 
and liquid in the xylem tracheae are thus such as to give rise to root 
pressures of the order of those actually observed. In some cases, indeed, 
the exuding sap from the xylem may be more concentrated than in the 
instances quoted, and in some earlier investigations on Acer platanoides 
and A. saccharinum the observed concentrations of sugar were excep- 
tionally high, that of sucrose in the latter species being found to be 
8*57 per cent. It is, however, not clear that in these cases the liquid 
examined was derived exclusively from the xylem tracheae. 
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That the water which exudes from cut stems and roots comes from 
the water-conducting cells of the xylem has been disputed by James and 
Baker. These workers point out that an examination of the literature 
reveals that there is practically no experimental evidence to indicate that 
exudation of water is from the vessels, while their own experiments with 
Acer pseudoplatanus indicate that the sap which exudes from cut roots 
of this plant comes from living cells, particularly from those of the 
cambial region. They would themselves explain the passage of liquid out 
of cut roots and stems as resulting from the fact that the living cells are 
in a high state of turgor; the contents of the cells, that is, exert a con- 
siderable hydrostatic pressure. On cutting the stem or root, water is 
therefore forced out across the cut surface by this pressure. While this 
would explain a momentary exudation of sap it does not explain the 
maintenance of a root pressure for a considerable time such as has been 
observed in many cases. Whether, in actual fact, the water exudes from 
living or dead cells, the main difficulty in finding an explanation of root 
pressure is the same. In either case it would appear that there must be a 
mechanism by which osmotically active material is continually supplied 
to the exuding cells, so that a gradient of suction pressure is maintained 
and continued absorption of water by the root hairs made possible. 

With the conditions under which root pressure is usually demon- 
strated, the passage of water through the root will, of course, stop when 
the hydrostatic pressure developed by the column of water above the 
cut end of the stump is equal to the exudation pressure. But if the liquid 
is allowed to flow away through the cut end of the stump, exudation will 
only continue if a supply of solutes to the xylem is maintained. The 
problem of root pressure therefore resolves itself into explaining the 
supply of solutes to the xylem. That this supply may continue for a long 
time is clear from the observations made by Priestley and Armstead on 
the vine. The roots of one large plant which had been decapitated a little 
above the soil level exuded on the average more than 500 c.c. of liquid 
per day for 86 days. 

Atkins suggested that the sugars pass into the xylem tracheae simply 
by diffusion from living wood parenchyma cells bordering the tracheae, 
and Priestley and Armstead recorded that certain cells within the 
vascular cylinder have especially permeable protoplasts, a condition 
which they think may account for the presence of solutes in the xylem 
vessels. Having regard to the fact that the living cells of the xylem often 
contain a great deal of carbohydrate it is readily understandable that 
they may provide the solutes present in the vessels and tracheids. 

It should be mentioned that Pfeffer regarded the difference in osmotic 
pressure between soil solution and liquid in the tracheae as insufficient 
to account for the active exudation of water such as is exhibited in 
the phenomenon of root pressure, and he concluded ‘with comparative 
certainty’ that even when the escaping liquid was rich in solutes the 
exudation pressure was yet due to the active excretion of water from 
living cells by means not yet known. Although he suggested several 
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possible mechanisms, no evidence for these exists, and it seems doubtful 
whether Pfeffer was justified in his conclusions of the insufficiency of 
differences in osmotic pressure to explain root pressure. 

THE ASCENT OF WATER THROUGH THE STEM 

We can thus understand the absorption of water by the root hair 
and its passage through the cortex of the root into the xylem. The mech- 
anism of its further transport from the root to the leaves is a problem 
which has given rise to considerable discussion and the formulation of 
many theories. It is clear that the rate of passage of water osmotically 
through the living cells of the cortex is too slow to account for the rate 
at which water is actually conveyed through the plant, and, indeed, it 
has been recognized for 200 years or more that the path taken by the 
water in its passage from root to leaves is the xylem of the vascular 
bundles. This was shown by experiments of two kinds carried out by 
Stephen Hales and others in the early part of the eighteenth century.* 
By ringing experiments in which a ring of the outer tissues of the stem 
was removed, thus leaving a zone in which only tissues internal to the 
phloem were left, it was shown that the removal of these outer tissues 
had little effect on the movement of water, which must therefore take 
place in the xylem. The same conclusion was drawn from the second type 
of experiment in which the path taken by the water was demonstrated by 
supplying the roots or cut ends of stems with aqueous solutions of a dye. 
The xylem vessels and tracheids are stained by the dye, thus indicating 
that they are the water-conducting elements throughout the plant. 

While the path of rapid water transport can thus be localized in the 
tracheae of the xylem, there is still the question whether the water 
travels in the cavities of these elements or in their walls. After all, the 
experiments with dye solutions result in the staining of the walls, and 
although this is no evidence that the water travels in the walls there is 
at least the possibility that it might do so. That the water is conveyed 
in the walls of the tracheae was the view warmly supported by Sachs, 
the movement of water up the stem being attributed to imbibition of 
water in the cell-walls and its movement through the walls to places 
where there is a saturation deficit, a consequence of evaporation from the 
surface of the leaves. The movement would thus be somewhat compar- 
able to that of water through a vertical strip of blotting-paper supplied 
• with water at its lower end and losing water by evaporation at the upper. 

Attempts to disprove this imbibition hypothesis of Sachs were made 
by Elfving and Vesque, who showed that when the cut ends of twigs 
were placed in melted cocoa-butter which was then allowed to solidify 
and block the lumina of the tracheae, the movement of water through 
the plant was almost stopped. Similar experiments, with a like result, 
were made by Errera and Strasburger, gelatin being used instead of 
cocoa-butter. To these experiments the objection may be made that the 
cocoa-butter or gelatin may enter the walls and so alter their water- 
holding and water-conducting properties. To meet this objection Dixon 
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carried out experiments with gelatin and paraffin wax of low melting- 
point. Different branches of lime (Tilia europaea) were placed with their 
cut ends in respectively (a) water at 50° C., ( b ) melted paraffin at 50° C., 
(c) gelatin coloured with Indian ink at 50° C. and (d) gelatin coloured 
with haematoxylin at 50° C. After transference to water at 18° C. the end 
of each branch was thinly pared and all were transferred to fresh water 
and left for ISf hours. At the end of this time the untreated control was 
still quite fresh; on the branches treated with paraffin the leaves exhibited 
considerable wilting, while the leaves of the gelatin-treated branches had 
wilted to some extent though not so much as those treated with paraffin. 
The branches were next transferred to a strong solution of safranin 
where they remained for 1 J hours, after which sections of the branches 
were cut at different levels. The examination of these sections showed 
that all the lumina of the xylem tracheae were blocked by paraffin in the 
branch treated with this material, while only portions of the lumina 
were blocked in the twigs treated with gelatin. It is important to note 
that in both cases the walls were stained with safranin. The conclusion 
to be drawn from this experiment is that when the cavities of the tracheae 
are blocked with paraffin or gelatin the passage of water up the stem is 
largely prevented, so that wilting takes place. Nevertheless the capacity 
of the walls for absorbing and transmitting water is not affected, at any 
rate not noticeably, as safranin, which travels in solution, is still able to 
pass through and stain the walls. It therefore appears that the channels 
through which water passes up the stem are the lumina of the xylem 
tracheae, and that the walls play at most only a negligible part in the 
transport of water. 

While the movement of water has thus for long been generally recog- 
nized as taking place in the xylem, very diverse views have been put 
forward to account for the mechanism by which water can rise through 
the plant against the action of gravity. It is clear that root pressure is 
totally inadequate to account for the ascent of water to the heights to 
which it rises in many woody plants. Capillarity, the rise of liquids in 
narrow tubes, will account for the ascent of water in the vessels through 
a 'short distance, but is likewise insufficient to account for the rise of 
liquids through many feet. Reduced pressure in the upper part of the 
xylem tract, resulting from evaporation of water from the leaves, could 
not account for the rise of water to a height greater than that of the water 
barometer, namely, about 10 metres, and in many trees water is con- 
veyed to heights greatly exceeding this. The theories devised to account 
for the ascent of water in plants are generally grouped as vital and 
physical theories according as they utilize, or dispense with, the activity 
of the living cells of the wood, in attempting to explain the rise of water. 
The chief of these theories will now be briefly reviewed. 

Vital Theories. The principal theories of the ascent of water which 
invoke the activity of the living cells of the wood are those associated 
with the names of Westermaier, Godlewski and Janse. Westermaier, 
whose views were published in the years 1888 and 1884, thought that the 
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passage of water upwards took place through the xylem parenchyma 
cells, the tracheae having the function of reservoirs in which the water is 
held by capillarity. This theory is, however, untenable because the pas- 
sage of water through living cells could not take place at the observed 
rates of water movement up the stem, and the theory is, in general, 
unsupported by experimental evidence. 

Godlewski, on the other hand, regarded the living cells in the wood 
as serving as pumps forcing the water up the tracheae with which they 
are in contact. To explain this action he supposed the living (medullary 
ray) cells of the wood to undergo periodic changes in osmotic pressure. 
Thus, if the osmotic pressure of the cells should increase, water will be 
drawn into them from the adjacent tracheae. If, after the cell has ab- 
sorbed much water in this way, the osmotic pressure should fall owing to 
changes in chemical composition of the solutes in the cell-sap, water will 
pass out of the cell into the neighbouring tracheae. Godlewski supposed 
that water which passed into the tracheae in this way rose in them to a 
certain extent, when it was drawn into a parenchymatous (medullary 
ray) cell at a higher level, the water rising because the pressure of air was 
supposed to be less at a higher than a lower level. From the medullary 
ray cell the water would pass as already described into another trachea 
in which it would again rise. The water was thus supposed to take a 
staircase-like path up the stem. According to the theory, the actual pres- 
sure forcing water up the stem is a difference in air pressure. Now, as 
already pointed out, this cannot exceed one atmosphere, so that Godlew- 
ski’s theory could not account for the water rising to a height of more 
than 10 metres. 

Janse’s theory of the ascent of water in stems has much in common 
with Godlewski’s, but the former assumed a uni-directional pumping 
action of the medullary ray cells, that is, the water was always absorbed 
from a trachea on one side of the cell and given off to a trachea on the 
other side. To explain this action Janse hypothesized a mechanism involv- 
ing the transport of water in the cell by protoplasmic streaming. Apart 
from the fact that there is no evidence for such uni-directional pumping, 
such action co\ild only be effective in raising water through the plant if, 
as Dixon has pointed out, the conducting tracts were at intervals com- 
pletely interrupted by parenchymatous cells, which is not the case. 
Further, Dixon has shown that for water to pass upward at the rate of 
7 cm. per hour, a rate observed by Ewart in stems of conifers, the rate 
of protoplasmic streaming in the parenchymatous cells required by 
Janse’s theory would be more than 4 cm. per minute. No rate of proto- 
plasmic streaming approaching this value has ever been observed. 

The chief evidence in’favour of the view that the living cells of the 
wood play a part in the ascent of water is that if the living cells of the 
lower part of a branch are killed, as, for example, by surrounding the 
branch with steam, the leaves on the upper part of the stem sooner or 
later wilt, thus indicating a cessation of, or considerable diminution in, 
the upward passage of water. 
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It has, however, been well argued by Dixon that this effect is not the 
result of the removal of the vital activity of the living cells of the wood, 
but is due to the blocking of the lumina of the tracheae by substances 
formed from the killed cells. When the living cells are killed they are 
rendered permeable, and solutes contained in them will diffuse into the 
water in the xylem tracheae. The high temperature will also bring about 
changes in cell proteins and other thermolabile substances. In any case 
the actual blocking of the cavities of the tracheae has been observed as 
a result of killing a part of the stem. 

On the other hand the well-known experiment of Boucherie in 1840 
provided a very important piece of evidence against all vital theories of 
the ascent of water. In this experiment a tree, cut across at its base, was 
there supplied with a poisonous solution. This was transported through 
the plant to the uppermost leaves, and would presumably kill any living 
cells on the way. Yet, when supplied with a second quantity of solution, 
this liquid was also carried to the top of the tree. This could scarcely 
happen if living cells were involved in the rise of water. In more recent 
years similar experiments have been performed with the same result by 
a number of different workers and there can be no doubt that stems are 
able to absorb water after treatment with a poison in the way described. 

Physical Theories. It has already been noticed that capillarity, and 
reduced air pressure in the upper part of the plant, are both inadequate 
to account for the rise of water in plants, at any rate through tall trees. 
At one time it was thought that the rise of water might be accounted for 
by the liquid being in the form of a ‘Jamin chain’, that is, a chain of 
alternating air bubbles and water columns. There appears, however, to 
be no justification for supposing that such chains are in any way effective 
in the way suggested, or that bubbles of air are present in the tracheae. 

A number of possible ways in which water might ascend the xylem 
without the participation of living cells in the process were considered by 
Dixon and Joly, and they came to the conclusion that this rise of water 
could only be accounted for by its tensile strength or cohesion. As a 
result they propounded the ‘cohesion theory’ of the ascent of water. By' 
cohesion is meant the mutual attraction of the molecules of a substance 
to one another, while adhesion refers to the attraction of the molecules 
of one substance to those of another. Thus it may be said that the mole- 
cules of water in the xylem tracheae cohere together, but adhere to the 
tracheal walls. According to the theory of Dixon and Joly, the water 
molecules in contact with the walls of the tracheae adhere to these walls, 
while the rest of the water coheres to the film of water adhering to the 
walls. Owing to the adhesion of the water to the walls so that it is not 
free to change its shape, and to its cohesion, the columns of liquid in the 
xylem behave to some extent like solid rods. We may, with advantage, 
at this point consider the forces operating on the water in the conducting 
tracts. As we shall see later, evaporation of water from the surface of the 
leaves results in the water in the xylem tracts in the leaves, that is, the 
water at the upper ends of the columns, being subjected to an osmotic 
18 
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, pressure tending to pull water out of the xylem at these places. At the 
lower end of the plant the comparatively feeble root pressure, if present, 
is tending to send water up the stem. The pull on the water from above 
is likely to be greater than the push from below, and consequently the 
water will be in a state of tension, so long as the molecules of water cohere 
.together and so long as the water cannot change its shape. 

Measurements of the cohesive force, or tensile strength, of water show 
that it is very great. Dixon’s own observations gave a minimum value of 
150 atmospheres for the cohesion and adhesion to glass of water contain- 
ing air, which means that a pressure of more than this magnitude would 
have to be applied against the cohesive force before the molecules of 
water would separate. Later determinations of Renner and Ursprung 
have yielded even higher values, up to 350 atmospheres. Observations on 
the tensile strength of xylem sap adhering to plant tissues indicate that 
the cohesion here is still greater. 

We may therefore suppose, on the cohesion theory, that the ascent of 
water is brought about in the following way. Transpiration of water from 
the surface of the mesophyll cells will result in a continuous pull on the 
water in the xylem tracheae owing to the increase in osmotic pressure of 
the mesophyll cells resulting from loss of water. This pull on the water, 
amounting to a few atmospheres, is quite insufficient to break the water 
columns in the tracheae owing to the great cohesion of the water. The 
pull is thus transmitted to the whole of the water and this will be drawn 
through the plant much as a solid bar is drawn through, because the 
, molecules cohere together. 

On the theory of Dixon and Joly involving, as it does, the mainten- 
ance of a complete column of liquid throughout the xylem, a break in the 
water column by a layer of air would entail the cessation of movement 
upwards, at any rate above a height which would be determined by the 
pressure of air in the xylem, and which in any case could not exceed 10 
metres. At one time it was thought that the water in the xylem contained 
small air bubbles and Dixon showed that where these were below a cer- 
tain size they would not interfere with the upward movement of water, 
while above it they would expand, becoming rarefied, and might, by 
rendering the elements containing them functionless from the point of 
view of water transport, reduce the cross-section of the effective conduct- 
. ing tract. More recent work, however, by Holle and Bode indicates that 
air is absent from the conducting tracts, and they state that even in 
completely wilted plants the conducting tracts are free from air and 
contain unbroken columns of water. Only in the older parts of the wood, 
' the elements of which have ceased to conduct water, or in younger wood 
which has suffered injury, does air occur. The observations afford striking 
support for the cohesion theory. It must, however, be mentioned that 
Haines has claimed to have demonstrated the presence of air in the 
xylem of a number of woody plants. 

The rate at which water can move through the xylem can be measured 
in cut pieces of stem by forcing the water through these under pressure. 
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Some measurements made by Dixon on the wood of Taxus baccata show 
that within limits the velocity of movement of water through the wood 
is proportional to the pressure, and that to obtain a velocity of water 
movement equal to that actually determined for living plants from 
observations of transpiration rate, a pressure equal to that of a water 
column twice the length of the stem is required. From what has already 
been stated it is obvious that this pressure is negligible in comparison 
with that of cohesion. Hence there is no question of the forces necessary 
to raise the water breaking the water columns. 

Since the structure of the wood differs considerably in different 
species it is to be expected that the resistance offered by friction to the 
passage of water through the wood will vary from species to species, and 
that the efficiency of the wood for the conduction of water will thus vary 
with the species. An investigation of this question in about 60 species of 
.woody plants was made by Farmer in 1918. The method adopted was to 
measure the quantity of water which passed through a standard length 
(15 cm.) of stem under a pressure of 30 cm. of mercury in 15 minutes. 
This quantity divided by the area of cross-section of the conducting tract 
gives a value which can be taken as a measure of the efficiency of the 
wood for water conduction and was called by Farmer the ‘specific con- 
ductivity’ of the wood in question. While there is a certain range in the 
value of the conductivity in the wood of a single species, it is clear that 
there are wide differences between the average conductivities of the wood 
of different species. The specific conductivity of evergreens is relatively 
low while that of deciduous plants is relatively high. Some of Farmer’s 
results are summarized in Table LI. These numbers indicate the normal 
range of specific conductivity of the wood of the various species tabu- 
lated, numbers regarded as outside the normal range being excluded. 

Table LI 

Specific Conductivity of Wood of Different Species 

Range of 


Species 

Podocarpus tnilanjiana 





Specific Conductivity 
9 ± 2 

Taxus baccata . 






12 ±2 

Ligustrum vulgare 






37 ±8 

Primus laurocerasus . 






10 ±2 

Hedera helix (juvenile) 






25 ±5 

h *> (adult) • 






60 ± 10 

Ruscu 8 aculeatus 






1 ±0-3 

Quercus ilex 






32 ± 12 

Quercus robur . 






75 ± 15 

Fagus sylvatica 



• V • 



65 ± 10 

Acer campestris 






45 ± 15 

Euonymus japonicus . 






12 i 6 

Euonymus curopaeus 





• 

47 ±8 

Pyrus malus (var. Cox's Orange Pippin) 


• 

45 ± 15 


It has been stated that the pull on the water in the xylem is exerted 
by the suction pressure of the mesophyll cells of the leaf, this pressure 
being maintained by evaporation from the leaf which prevents the cells 
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from becoming fully turgid. Since the water has to be raised a greater 
distance the higher the insertion of the leaf, it might be expected that 
the higher the leaf above the ground the greater the osmotic pressure in 
the leaf cells. A number of workers have sought to show this relation 
between osmotic pressure and height above the ground, but published 
results of different observers are inconsistent enough to leave the matter 
in some doubt. The results of Harris, Gortner and Lawrence, however, 
seem quite definite. These workers determined the osmotic pressure of 
the sap expressed from leaves of 12 species of trees, and found an increase 
in osmotic pressure with height of the leaf insertion above the ground. 
A selection of their results is shown in Table LII. 

Harris, Lawrence and Gortner also found that the osmotic pressure 
of the sap of different species of plants of Arizona deserts varied in general 
according to the habit of the plant, the groups in order of increasing 
osmotic pressure of sap being (1) winter annuals, (2) perennial shrubs, 
(8) dwarf shrubs and half-shrubs, (4) shrubs and trees. And again, Harris 
and Lawrence found that the osmotic pressure of the leaves of woody 
plants of the Blue Mountains of Jamaica was higher than that of the 
leaves of herbaceous plants of the same region, while Harris, Gortner and 
Lawrence found the same relation with plants of the Arizona deserts and 
of the north shore of Long Island. These observations support in general 
the idea that the farther the leaf from the ground the higher the osmotic 
pressure. 

Table LII 


Osmotic Pressure of the Sap of Leaves inserted at 
Different Heights above the Ground 


Species 

Height in Feet 

Osmotic Pressure in 
Atmospheres 

Betula lutea • 

. 66 

15-55 


52 

16 01 


39 

15-12 


25 

14-11 


11 

1263 

Juglans cinerea . 

. 52 

18-31 


44 

18 33 


88 

17-18 


32 

18*19 


21 

17-85 


8 

1681 

Quercus primes • 

. . 47 

20-23 


36 

20 08 


30 

1972 


19 

19-57 


TRANSPIRATION 

It has already been noted that the pull of water through the plant 
results from the osmotic pressure of the leaf mesophyll cells which thus 
exert a suction on the water in the conducting elements of the vascular 
bundles of the leaf. The continued ascent of water accordingly depends 
on the maintenance of this suction by the leaf cells, and this will itself 
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depend on the continuance of water loss by the leaf cells. By the con- 
tinued evaporation of water, either through the cuticle or into the inter- 
cellular spaces of the mesophyll and so into the outer air through the 
stomata, a gradient of suction pressure will be set up in the leaf between 
the surface and the xylem tracheae similar, but in the reverse direction, 
to that between the absorbing cells and xylem tracheae in the root. The 
more rapid the evaporation, the greater will be the suction exerted on the 
water in the xylem, and so, if the rate of root absorption permits, the 
greater the rate at which water will be drawn through the plant. If root 
absorption cannot keep pace with the rate of evaporation the content of 
water of the leaf cells must fall and the leaves will eventually become 
flaccid and wilt, while the rate of evaporation itself must fall. 

For the evaporation of water from the aerial parts of plants the term 
transpiration is used, and while some writers on the subject have empha- 
sized the essential identity of evaporation and transpiration, others have 
stressed the necessity for distinguishing transpiration from simple evap- 
oration owing to the complex structure in the former case of the body 
losing water, and the consequent influence of internal factors of the plant 
on the rate of water loss. 

The importance of a supply of water to plants has already been 
noted, and it is generally held that transpiration is necessary in order to 
provide a sufficiency of nutrient salts to the plant and to distribute them 
more rapidly through the plant than would be the case if they diffused 
through living cells only, and it has been generally assumed that mineral 
salts absorbed by the root hairs are carried thus passively in what is 
called the transpiration stream. There is, however, evidence that the 
absorption of water and of mineral salts are largely independent processes. 
It has also been urged that transpiration prevents a plant from over- 
heating when subjected to strong insolation, for much of the solar energy 
incident on the leaf under such conditions is utilized in the evaporation 
of water, but for which the temperature of the leaf would rise. It is 
doubtful, however, whether much importance can be attached to this 
consideration, for some desert plants exposed to very strong insolation 
are provided with devices which reduce the rate of transpiration to very 
small proportions, and while, in such plants, the temperature may rise 
some degrees above that of the surroundings, they suffer no ill effects 
from this. All the same, the temperature of wilted leaves in sunlight may 
be considerably higher than that of similar turgid leaves under the same 
conditions of insolation. But in any case it would appear that for the land 
plant transpiration is inevitable. Both for purposes of photosynthesis 
and respiration a structure making possible the interchange of gases 
between the plant and the atmosphere is necessary, and such a structure 
must involve the evaporation of water from the plant into the atmos- 
phere. The actual amounts of water transpired from most plants are very 
large, having regard to the size of the plants, and appear to be very much 
larger than would be required for supplying the plants with mineral 
salts. Further, we find a multiplicity of devices throughout aerial plants 



268 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

for reducing transpiration, especially in the plants, known as xerophytes, 
exposed to conditions in which the rate of absorption of water may be 
low or that of evaporation high. 

In many climates transpiration may be a problem, not only of 
scientific interest, but also of economic importance, for the development 
of crop, as of other, plants may be largely determined by the rate of 
water loss at different stages of development. 

The measurement of transpiration can be made in various ways, 
involving (a) the determination of the vapour given off from the plant, 
(b) the loss of weight of the plant under conditions in which absorption 
of water is prevented, or (c) the rate at which water is absorbed by the 
plant. For determination of the rate of water vapour evolution the usual 
method is to use cobalt chloride (or nitrate) paper which is blue when dry 
and pink when damp. The time taken for the standard paper, when 
placed on the leaf, to change from its initial colour to a standard tint 
gives a value inversely proportional to the rate of water vapour evolu- 
tion. This method, first introduced by Stahl in 1894, has been refined by 
American workers, and has been successfully used for quantitative deter- 
minations of rates of transpiration. A comparable principle is used in the 
horn hygroscope of F. Darwin. In this instrument the vapour given off 
from the leaf causes a strip of hygroscopic horn to curl, and the time 
taken for a definite degree of movement of the strip of horn gives a value 
inversely proportional to the rate of transpiration. The chief objection 
to these methods lies in the fact that placing either paper or horn on the 
leaf may itself considerably affect the rate of transpiration from the part 
of the leaf actually examined, as the external conditions are thereby 
greatly altered. 

The measurement of transpiration by determining the loss of water 
from the transpiring object can be used with potted plants, plants in 
water culture, cut branches or even single leaves. With potted plants it 
is necessary to prevent evaporation of water from the soil by the use 
of a covering impermeable to water, while in the other cases, where the 
material is provided with a reservoir of water, it is necessary that no 
water should be lost by direct evaporation from the water itself. This 
method has been much used with potted plants and, where practicable, 
is probably the most satisfactory for determining the rate of transpira- 
tion of whole plants. It is, of course, not applicable to plants growing in 
the field. Also, it is necessary to bear in mind that in experiments of long 
duration, unless water is added to the soil from time to time, the water 
content of the soil will fall and may greatly influence the rate of water 
absorption and so limit the rate of transpiration. 

The measurement of the rate of water absorption is carried out by 
means of the well-known instrument called the potometer, in which the 
absorption of water by a plant in water culture, a cut branch or a single 
, leaf, is observed by the rate at which a bubble of air or a length of coloured 
liquid is drawn through a capillary tube filled with water and connecting 
the vessel holding the transpiring material with the water reservoir. A 
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very simple form of potometer was used by Lloyd, consisting simply of a 
graduated tube forming a water reservoir connected to the transpiring 
branch of a plant by rubber tubing. The great disadvantage of poto- 
metric methods of measuring transpiration is that they assume the rate 
of absorption to equal the rate of evaporation, which quite definitely is 
not necessarily so. 

It will thus be clear that all methods of measuring transpiration rate 
have certain disadvantages, and while those depending on the deter- 
mination, by weighing, of the water loss from the material are the most 
satisfactory, the choice of a method must depend on the type of plant 
material to be investigated and the particular problem to be examined. 


THE PHYSICAL LAWS OF EVAPORATION 

The rate of evaporation of water from a water surface of unlimited 
extent is proportional to the area of the surface considered, to the 
gradient of vapour pressure of water over the surface, and inversely 
to the atmospheric pressure. This relation can be expressed by the 
equation 

dE kAdv 
dt “ P 'ds 

dE 

where — is the rate of evaporation, A the area of the surface, P the 
dt 

dv 

atmospheric pressure and — the gradient of water vapour pressure. 

(IS 

It is more usually expressed in the form, due to Dalton, 

&A(V - r)760 

kt= „ 


where E is the rate of evaporation, V the saturation pressure of water 
vapour at the temperature of the evaporating surface, v the pressure of 
water vapour in the surrounding space, P the atmospheric pressure 
in mm. of mercury, while the constant k is called the evaporation 
coefficient. 

Inspection of these formulae will make it clear that the rate of 
evaporation will increase both with rise in temperature and with move- 
ment of air over the surface. With rise in temperature the value of the 
saturation water vapour pressure, V, increases, while movement of air 
over the surface, by removing the evaporated water vapour, lowers the 
value of v. Hence in either case the value of V — v increases, or, according 


to the mode of expression in the first formula, the diffusion gradient ^ is 

ds 


increased. 

The relation given above refers to a water surface of unlimited extent 
over which evaporation proceeds uniformly at right angles to the surface. 
With a relatively small area we may expect the rate of evaporation peT 
unit area to be greater at the margins than in the middle part of the 
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surface, for at the margin the vapour can diffuse not only vertically out* 
wards from the surface, but also laterally as well. The position is, in fact, 
similar to that which we have already considered in dealing with photo- 
synthesis where it was pointed out how marginal diffusion becomes rela- 
tively more important the smaller the aperture, so that with very small 
apertures the rate of diffusion is proportional to the linear dimensions of 
the aperture and not to its areh. The same considerations obviously hold 
in regard to evaporation, so that with a very small surface the rate of 
evaporation into still air is proportional to the linear dimensions of the 
surface. Stefan’s law for evaporation from a small circular area expresses 
this relation thus: 

rfE P — v 

dj = 4fcr log p- 3 -y 


where r is the radius of the surface, and the other symbols have the 
meaning already assigned to them. If V is small in comparison with P 
the equation approximates to 


d E 
di 



When, however, the air outside the surface is in motion, Stefan’s law 
no longer holds. With moving air it has been shown from actual experi- 
mental observations by Thomas and Ferguson, and mathematically by 
Jeffreys, that for surfaces of so-called ‘medium dimensions’, the actual 
size depending on the air velocity, the rate of evaporation from a plane 
surface is proportional to r I,s rather than to cither r or r 2 , where r is 
proportional to the linear dimensions of the surface. Thus for the simplest 
case of a circular surface, Jeffreys found the following relation 

dE 

= 305 p\ 0 (kur*)l 


where P is the density of the air, Y 0 the fraction of this due to water 
vapour, u the velocity of air blowing over the surface in a direction 
parallel with it, k the effective coefficient of diffusion of the water vapour, 

dE 

r the radius of the surface and — , as before, the rate of evaporation. 


It is assumed that r is large compared with — . The two important facts 

relating to evaporation indicated by this formula are that the rate of 
evaporation is proportional to (1) the square root of the velocity of the 
air, and (2) the cube of the square root of the radius of the surface. As 
regards the interpretation of the term ‘medium dimensions’, if the 


velocity of air movement is 400 cm. per second and k is 1,000 sq. cm. per 
second, the given relation holds for surfaces possessing a radius between 


10 cm. and 250 metres. In a place in which the air movement is slight, the 
radius of the surface must be between 1 cm. and 25 metres. We may thus 
expect the relation here given to be approximately correct for areas of the 
size of leaves or collections of leaves (leaf mosaics). 

• The ratio of the rate of evaporation in a wind to that in still air 
will therefore depend not only on the wind velocity but also on 
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the dimensions of the evaporating surface. Thus, the observation of 
Houdaille, quoted by Maximov, that the rate of evaporation in a wind 
with a velocity of 0*25 metres a second is three times that in still air, 
can only refer to a surface of one particular size and shape. 

Cuticular and Stomatal Transpiration 

In the leaves of mosses and a few other land plants the evaporate 
ing surface is approximately uniform over its whole area. In the vast' 
majority of land plants, however, the problem of evaporation is com- 
plicated by the presence of stomata. While loss of water may take place 
through the cuticle, there seems little doubt, especially where the cuticle 
is well developed, that most of the water transpired by leaves is given 
off into the outer air through the stomata. Here the actual evaporating 
surfaces are the walls of the mesophyll cells bordering the intercellular 
spaces, and hence a gradient of vapour pressure will exist between the 
surface of these cells and the stoma. 

The relative amounts of water transpired through the cuticle and 
stomata vary not only from species to species, but may be very different 
in the same leaf at different times, owing to influences of external and 
internal conditions on the size of the stomatal opening. As is well known, 
the distribution of stomata may be very different on the two sides of the 
same leaf, and while it is most common for the upper surface of the leaf 
to have few, or even no stomata, whereas the lower surface possesses 
them in abundance, such a state of affairs cannot be regarded as suffi- 
ciently general to be called typical. Some observations of Garreau made 
about 100 years ago, may be cited as indicating the relative amounts 
of cuticular and stomatal transpiration in some different types of leaves 
(Table LIII). It will be seen that in ivy absence of stomata on the upper 
surface prevented all transpiration, whereas in the lime quite a consider- 
able amount of water was lost through the upper surface although this 
was devoid of stomata. This difference in behaviour must be related 
to the development of the cuticle, which is thick in the ivy but much 
thinner in the lime, and there can be little doubt that the physical and 
chemical characteristics of the cuticle are intimately related to the rate 
of transpiration through it. 


Table LIU 


Transpiration from Upper and Lower Surfaces of Leaves 


Species 

Atropa belladonna 
Hedera helix . 
Syringa vulgaris 
Tilia europaea 


Relative Numbers of 
Stomata, 

upper surface : lower surface 
10 : 55 
0 : 90 

. 100 : 150 

0 : 60 


Relative Transpiration Rates, 
upper surface : lower surface 

48 : 60 
0 : 4 
30:60 
20:49 


In the birch Stalfelt estimated that when the stomatal width is only 
1 p transpiration through the cuticle on both sides of the leaf only 
accounts for 8*6 per cent, of the total transpiration. 
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The question of diffusion of gases through the stomata has already 
been discussed in reference to the entrance of carbon dioxide into the 
► leaf in photosynthesis. The evaporation of water vapour through the 
' stomata must obey the laws of diffusion through small pores and multi- 
perforate septa^already enunciated.Thus, in still air diffusion through a 
single pore is proportional to the radius of the pore, while through a 
multiperforate septum, such as we may regard the epidermis of a leaf 
with scattered stomata to be; the evaporation of water may be practically 
as rapid as from a -wet leaf, provided the distance between the stomata 
bears the right relation to their size. Thus, although the total area of 
stomatal apertures may be little more than 1-2 per cent, of the whole 
leaf area, evaporation may take place approximately as rapidly through 
the stomata as if the whole surface of the leaf were a wet evaporating 
surface. \ 

In this connexion it is interesting to note some data regarding the 
distribution and size of stomata. In Tabic LIV are shown the average, 
numbers of stomata per unit area recorded by various observers. 

Table LIV 



Number of Stomata per sq. mm. 


Species 

— 

— 

Observer 


Upper Surface 

Under Surface 


Acer campestris . 

0-1 

270 

Salisbury 

Acer pseudoplatanus . 

0 

400 

Weiss 

Populus alba . . . . 

0 

315 

Czech 

Populus nigra 

20 

115 

Salisbury 

Quercus robur . 

0 

450 

>» 

Quercus sessiliflora . 

0 

400 

»» 

Taxus baccata 

0 

115 


Tilia vulgaris 

0 

130 

M 

Corylus avellana . 

0 

225 

>* 

Cytisus scoparius . 

90 

90 

»» 

Hedera helix .... 

0 

125 


Ligustrum vulgare 

0 

300 

>9 

Prunu8 cerastes . 

0 

216 

99 

Apium graveolens 

0 

175 

Lloyd 

Arum maculatum 

45 

76 

Salisbury 

Carum petroselinum . 

0 

1 40 

Lloyd 

Ficaria verna 

21 

75 

Salisbury 

Fouquieria splendens 

160 

160 

Lloyd 

Oxalis acetosella . 

0 

45 

Salisbury 

Scilla nutans .... 

55 

51 


Verbena ciliata . . . 

100-175 

100-175 

Lloyd 

Helianthus annuus . 

71 

172 

Muenscher 

Zea mais 

60 

101 

99 

Triticum sativum. 

21 

46 

99 

Hakea rugosa . • . 

70 

70 

Wood 

Loranthus pendulus . 

140 

140 

99 

BUlardiera scandens . . 

124 

0 

99 

Pultenaea daphnoides 

0 

212 

99 

Pultenaea floribunda 

200 

0 

99 

Kochia triptera . . . 

14 

14 

99 
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^Salisbury has found, however, that the number of stomata per unit ' ' 
area varies not only with different leaves of the same plant, but on 
different parts of the same leaf, in general the frequency of the stomata 
increasing from the base of the leaf to its apex, and from the midrib to 
the margin. In dry conditions, and where the leaves are not too crowded, 
the stomatal frequency tends to be lower the larger the leaf, while the 
v frequency tends to increase with height of the leaf from the ground. In 
. general, stomatal frequency appears to run parallel with osmotic pres* 
sure, and, presumably, the suction pressure of the mesophyll cells in the 
neighbourhood of the stomata^ Salisbury’s observations were made on 
. 25 trees, 29 shrubs and 150 ‘ground flora’ species, and from these he 
concluded that stomatal frequencies tend to be higher for trees and shrubs 
than for herbaceous plants.' This, again, may be compared with the 
observations already noted, that the osmotic pressure of the leaf cells 
of shrubs and trees is higher than that of herbaceous plants. Further, 
♦the drier the conditions under which the plant grows, the more frequent 
the stomata; indeed, from comparison of plants grown in dry and moist 
air Salisbury concludes that stomatal frequency is largely determined 
by the humidity of the environments This conclusion may also be com- 
pared with the observation that osmotic pressure of the leaf cells of land 
plants tends to be higher the drier the conditions of life. Also Pisek and * 
Cartcllieri noted a greater stomatal frequency in sun plants than in shade 
plants of the same species. If from these observations we are to conclude 
that the higher osmotic pressure in leaves with more frequent stomata 
is due to the more rapid evaporation on account of the greater area 
through which transpiration can take place, we are faced with a diffi- 
culty, for we have already noted that according to Jeffreys’ calculations 
the stomatal area can be reduced very much before any reduction of 
transpiration is to be expected. \ 

Variation in Size of Stomata 

^The size of the stomata varies from species to species, while on the 
same plant, and even on the same leaf, variations in size of the stomata 
may occur^ In Table LV are shown some data obtained by Muenscher 


TabU LV 

Size of Stomatal Aperture 


Species 

Upper Surface 

Lower Surface 

Length of 
Pore in micra 

Width of 
Pore in micra 

Length of 
Pore in micra 

Width of 
Pore in micra 

Hclianthus annuus . 

10 

4 

14 

3 

Impatiens sultani 

0 

8 

6 

3 

Phaseolus vulgaris , 

8 

3 

11 

3 

Ricinus communis . . . 

10 

3 

10 

3 

Triticum sativum . . . 

84 

3 

30 

3 

Zea mais 

10 

8 

10 

8 

; 
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relating to the average size of stomatal aperture, presumably when the 
stomata are fully open. It will be observed that the variation is chiefly 
in the length of the pore, the width being approximately constant. 

Stomatal Movement 

- By the opening and closing of stomata it has been supposed that the 
rate of transpiration from a leaf may be altered and regulated. These 
stomatal movements, as is well known, result from changes in shape of 
the guard cells owing to different regions of their walls possessing 
different elasticities} From the point of view of physiological anatomy 
stomata fall into several groups with regard to the mechanism of open- 
ing and closing, and descriptions of the various types are given in 
Haberlandt’s Physiological Plant Anatomy. The important point for the 
plant physiologist is that l the movements are brought about by turgor 
changes, increase in turgor resulting in the opening of the stomata, and 
a decrease in turgor resulting in their closure.* 

• The early observation that the guard cells of the stomata contain 
chloroplasts while the ordinary epidermal cells are devoid of chlorophyll 
led to the view that changes in turgor in the guard cells are brought 
about by photosynthetic activity which increases the concentration of 
sugar and hence the osmotic pressure of these cells. Such a view was 
supported by the observation that in many plants the stomata open in 
the light and close in the dark. 

• There is no doubt that the changes in the degree of opening of the 
guard cells are related to changes in osmotic pressure. Iljin, indeed, in 
1914, found that whereas the osmotic pressure of the guard cells when 
the stomata are closed is about the same as that of the neighbouring 
cells,- when the stomata are open the osmotic pressure of the guard 
cells may be extraordinarily high, namely, from 45 to 90 atmospheres 
or 10 times as high as when the stomata are closed; Other authors have 
confirmed the considerable increase in osmotic pressure of the guard 
cells when the stomata open> although generally the observed increase 
is not nearly so great as that recorded by Iljin, being more generally in 
the neighbourhood of from 10 to 20 atmospheres. 

• That this increase in osmotic pressure is related directly to the photo- 
synthesis of sugar is not now -thought to be the case. Rather it is re- 
garded as resulting from the formation of sugar by the hydrolysis of 
starch which is always present in the guard cells. As the stomata opens 
the starch content decreases,, and vice versa. Loftfield considers that 
light induces stomatal opening by initiating the conversion of starch 
in the guard cells to sugar.' The rise in osmotic pressure conditions a 
' flow of water into the guard cells which thus become more turgid and 
the stomata open. It has been suggested, and some evidence has been 
adduced for the view, that the concentration of hydrogen and other 
ions, by influencing diastatic action, can influence stomatal opening and 
closure. • 

j Some workers as, for example, Scarth, consider that the rapidity 
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with which stomatal movement takes place is too great for the process 
to be due entirely to the change of starch to sugar or the reverse. Scarth 
suggested that closure of stomata in the dark might in part be attributed 
to the separation of water from the cell colloids and its loss to sur- 
rounding cells, as a result of the cell becoming more acid on account of 
the accumulation of respiratory carbon dioxide, while opening in light 
could result from the removal of this carbon dioxide in photosynthesis^ 
with increase in the imbibitional capacity of the cell colloids as the 
hydrogen-ion concentration decreases. These changes are, however, 
always accompanied or followed by hydrolysis or synthesis of starch, 
'and the main point in Scarth’s theory is that the carbohydrate balance 
depends strictly on the hydrogen-ion concentration which is chiefly 
determined by photosynthesis and respiration. 

Measurement of Stomatal Aperture 

Before the relationship of degree of stomatal opening to transpira- 
tion can be properly examined, or even the factors influencing stomatal 
opening and closing, it is necessary to have a method of measuring 
accurately the stomatal aperture. Four methods have been used for 
determining this. The method simplest in principle is to measure the 
aperture by microscopical observation of the living leaf. The other three 
methods require a few words of explanation. 

A method due to Lloyd consists in stripping pieces of epidermis 
from the leaf and rapidly immersing them in absolute alcohol. This 
reagent dehydrates the cell-wall and hardens it so that it immediately 
becomes rigid; hence the guard cells retain their shape, and the stoma 
its degree of opening. Although the method seems drastic it is regarded 
as highly reliable by Loftfield, who checked the method by comparative 
observations on stomata so fixed and similar stomata remaining on the 
living leaf, and who also described various precautions which should be 
observed in using the method. 

In the method developed by F. Darwin, the size of the stomatal 
aperture is estimated by drawing air through the leaf under a known 
pressure and observing the rate at which the air is thus drawn through. 
This rate depends on the size of the stomatal aperture and will be more 
rapid the wider the stomata are open. The instrument originally des- 
cribed by Darwin and Pertz was called by them the porometer; various 
forms of it have since been devised. The porometer has been criticized 
mainly on the.gro.und that it involves unnatural conditions in that a 
current of air is pulled through the intercellular spaces of the leaf, and 
that this may itself affect stomatal aperture. Maximov pointed out that 
with contraction of the intercellular spaces, which may be considerable 
during the wilting of a leaf, the rate at which air is drawn through the 
leaf under constant pressure will change independently of change in 
stomatal aperture. Nius laid particular stress on this source of error in 
the measurement of stomatal aperture, but work by various investi- 
gators, and particularly by Hartsuijker and by Wilson, has indicated 
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that the porometer is a reliable instrument for determining stomatal 
aperture. In the useful resistance porometer of Gregory and Pearse, in 
which a low pressure and consequently a low rate of flow of air through 
the leaf are employed, the theoretical objection regarding the effect of 
air movement on stomatal movement does not arise. A simple arrange* 
ment by which this type of porometer is made self-recording has been 
described recently by Wilson. 

An injection method for determining whether the stomata are open 
or closed (or nearly so) described by Molisch in 1912, consists in placing 
a drop of absolute alcohol or some other liquid on the surface of the 
leaf. If the stomata are open the liquid passes through the stomatal 
pores into the intercellular spaces which then appear as dark areas when 
the leaf is viewed by reflected light. If, however, the stomatal opening 
is below a certain size, the alcohol does not enter. The method can thus 
be used to determine whether the stomatal openings are greater or less 
than a certain size. Moreover, as this limit of size depends on the liquid 
used it is possible, by using a number of different liquids, to determine 
approximately the degree of opening of the stomata. 

The Effect of Various Conditions on Stomatal Movement 

Light. It has already been noticed that light in general induces 
stomatal opening while darkness leads to closing, so that frequently the 
stomata are open during the daylight hours and closed at night. This 
rule is, however, by no means general, and von Faber, indeed, in 1915 
observed that in a number of species of plants of tropical rain forests 
the stomata remained open at night, while Stahl in 1919 observed similar 
behaviour in 25 out of 60 Central European species he examined. Molisch ' 
observed the stomata of Cucumis sativus and Ranunculus acris to be 
wide open at 1 a.m. in August, while those of a number of other species 
such as Crambe maritima. Polygonum hydropiper and Scrophularia nodosa 
were partly open/ In two-thirds of the species he examined the stomata 
were then closed or nearly so. 

* It has already been noticed that the effect of light in inducing 
stomatal opening was regarded by Loftfleld as due to the initiation of 
enzyme action which brought about the hydrolysis of starch. Scarth, as 
we have seen, attributed the effect to changes in hydrogen-ion con- 
centration resulting from photosynthesis and respiration, and the open- 
ing of some stomata in the dark he explained as ‘acid’ opening, due to 
accumulation of carbon dioxide and corresponding high acidity. It would 
therefore appear that closure of stomata corresponds with a range of 
hydrogen-ion concentrations outside which, on either side, opening 
results.' 

Water Content. The water content of the leaf also affects the degree 
of stomatal opening, but here again many exceptions to the rule have 
been observed. Thus Molisch found that during wilting the stomata in 
about 40 per cent, of the species he examined remained open. These 
included Cucumis sativus, Tropaeolum majus and Syringa vulgaris. Many 
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more cases were recorded by Burgerstein. The question is undoubtedly 
complex, for Laidlaw and Knight found that at the beginning of wilting 
the stomatal aperture may increase in size. Molisch and Burgerstein 
have further observed that after stomata have closed during wilting a 
subsequent opening may take place. It has been suggested that this is a 
post-mortal effect resulting from contraction of the dying tissues. v- 

Iljin has recently shown that the opening of stomata during wilting * 
is related to the starch-sugar equilibrium in the guard cells. Absorption 
of water by these cells leads to transformation of starch into sugar, 
while moderate withdrawal of water leads to the reverse action. If, 
however, the withdrawal of water is considerable, as in wilting, the 
starch disappears owing to the re-formation of sugar from it; conse- 
quently the osmotic pressure of the guard cells increases, water is 
absorbed by them and the turgor increases and the guard cells open. 

According to Scarth’s theory, loss of water, like light, will affect the ' 
hydrogen-ion concentration of the guard cells, and it may do this by 
reducing or inhibiting photosynthesis. 

Temperature. Loftfield found that within limits the rate of stomatal • 
opening in lucerne is increased by rise of temperature, the rate being 
approximately doubled for a rise of 10 ° C. between 0 ° C. and 80 ° C., so 
that the Van’t Hoff rule appears to be obeyed. But in other species low 
temperatures tend to induce closure and high temperatures openings 
Thus Scarth found in Zebrina pendula that temperatures between 0° C. 
and 8° C. prevent stomatal opening in light, whereas temperatures 
between 88 ° C. and 40 ° C. tend, in darkness, to bring about stomatal 
opening, or to prevent closure* In other species, however, the behaviour 
is variable, while ‘■Kostychev and his co-workers observed that the 
stomata of plants on the shores of the Arctic Ocean remain wide open 
throughout the day, although the temperature during the ‘night’ may 
be as low as 4 ° C. There are yet other species in which stomata close 
during the hottest period of the dayj 

Daily Periodicity of Stomatal Movement 

From what has been stated above it would appear to be usual, 
though not universal, l f or stomatal movement to exhibit a daily rhythm • 
characterized by an open condition of the stomata during the day and 
closure at night, while variations in the degree of opening might be 
expected with changes in light intensity during the daylight hours. - 
Something approaching this behaviour was found by Lloyd in Verbena ' 
ciliata, as the curve in Fig. 28 clearly indicates. It will be observed, 
however, that on a summer day the stomatal aperture slowly increases 
during the early morning hours, the maximum degrs%of opening being 
reached by about 8 a.m. This condition is maintained only until about 
1 p.m. after which the stomata gradually close, the minimum opening 
being reached at about 6 p.mj The course of stomatal movement in 
Fouquieria aplendens was found to be similar, although the amplitude 
of movement was somewhat less. 
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- The daily course of stomatal movement was examined by Loftfield 
in a large number of species. As a result of his observations he classified 
the stomata of these species into three groups typified by (1) barley, 
(2) lucerne and (3) potato. The barley or cereal type is characterized by 
stomata of peculiar structure and great sensitiveness. They never open 
at night and may only be open for a few hours during the day) though 
considerable variation is shown in respect to daylight opening. Thus, 
whereas the course of stomatal opening in wheat has been found to 
resemble that of the species examined by Lloyd, except that the stomata 
close completely at night, 'the stomata of barley close in the afternoon 
and on a hot dry day may only open partially for one or two hours in the 
early morning, and Loftfield states that under ‘very favourable condi- 
tions’ (see below) the stomata of this type are wide open only for an 
hour or two.' 



Fio. 28 . — Curve illustrating the changes in stomatal aperture of Verbena ciliata during a 

summer day 

(Constructed from the data of F. £. Lloyd) 

* The lucerne group comprises a large number of species including 
Tri folium pratense and T. repens , Pimm sativum, Lalhyrus odoratus. 
Beta vulgaris, Brassica napus, B. campesiris, Cucumis saiivus and 
Heliantkus annuus. With this type the course of stomatal movement 
depends largely on conditions. Under what are described as ‘favourable 
conditions’, that is, with adequate water supply and medium tempera- 
ture, the course of stomatal opening and closing is similar to that 
described for cereals, but as the conditions become more ‘unfavourable’, 
that is, with lowering of the water content, high temperature, continuous 
bright sunlight and very dry air, the period during which the stomata 
remain open becomes shorter and shortei*. Thus closure of the stomata 
at midday may take place, and with intensification of these conditions 
the stomata may remain closed all day. But with the incidence of mid- 
day closure the phenomenon of stomatal opening at night occurs, and 
this increases with increase in closure during the day. In the extreme 
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case this results in complete closure of stomata during the day and 
partial opening at night. This is the typical behaviour of stomata in the 
xerophyte Opuntia versicolor as described by Edith B. Shreve, so that the 
plants of the lucerne group possess stomata which under mesophytic 
conditions behave like those of a typical mesophyte, but which under 
drier conditions behave like those of a xerophyte.'. 

In the third group, which includes the potato, onion and species of 
Cucurbita, among others, the stomata remain open all day and all night 
under conditions of high water content. But if the climatic conditions 
are such as to lead to increased evaporation, the stomata tend to close. 
Some variation exists regarding the time at which this closure takes 
place. (Loftfield would include Verbena ciliata in this group since in 
well- watered plants the stomata remain partially open all night (Fig. 28).. 
Whereas the plants of the first group are cereals and those of the second 
group thin-leaved mesophytes, the third group includes plants with: 
leaves of different morphological types such as Portulaca oleracea, 
Cucurbita pepo and Allium porrum. ' 

' Some doubt has been cast by Kostychcv on the universality of the 
stomatal behaviour described by Loftfield. It appears that in the dry 
climate of Central Asia the stomata of cereals may remain open all day. 
In any case it is clear that no complete explanation of stomatal move- 
ment in relation to external conditions is yet available. Whether the 
theories of stomatal movement already mentioned afford a satisfactory 
explanation can only be decided after the various types have been 
studied in detail in relation to the theories. But, broadly speaking, there 
is no doubt of the profound influence of light and water conditions on 
the course of stomatal movement. > 

The Relation between Stomatal Aperture and Rate of Transpiration 

It is clear that where transpiration takes place only through the • 
stomata, complete closure of the latter must reduce transpiration almost 
to nothing. While Loftfield’s researches show that in some plants com- 
plete closure docs take place, it appears that in others complete closure 
is either never achieved or only rarely For instance, complete stomatal 
closure appears to be comparatively rare in the species examined by 
Lloyd, and the variations in size actually found by him during a day in 
July in Verbena ciliata are shown in Table LVI. 

The average width of the wide-open pore is thus about 0-009 mm., 
while during the period of greatest closure it is about 0-0015 mm. It 
is interesting to consider how far partial closure of the stomata of this 
plant should affect evaporation through them in view of Jeffreys’ mathe- 
matical considerations of evaporation through multiperforate septa. 

When open the average diameter of the pore is about the same as 
that in Helianihus annuus. In the latter the average area of the pore 
of the open stoma is about 0-0001 sq. mm. (cf. p. 207). From Lloyd’s 
measurements it would appear that on the average the length of an 
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Table LVI 

Variations in Stomatal Aperture in Verbena ciliaia 


Time of Day 
1.S0 a.m. 




Range in Pore Width 
in micra 

• 0-3 

4.80 „ 




. 0-4 

5.20 „ 




. 3-6 

6.80 „ 




. 3-8 

8. 0 „ 




. 0-12 

9. 0 „ 




. 8-11 

10. 0 „ 




. 0-12 

12.80 p.m. 




. 6-12 

1.30 „ 




. 0 

4.45 „ 




. 0-3 

7.30 „ 




. 0-3 

10.25 „ 




. 0-3 

12.20 a.m. 




. 0-4 


open pore in Verbena ciliata is about 2-2 times its width, whence, from 
the numbers given above, it can be calculated that, assuming the open 
pore is elliptical in cross-section, its area is roughly 0-00014 sq. mm. An 
actual set of measurements of stomatal aperture in Verbena ciliata made 
by Lloyd are shown in Table LVII. The calculated areas of these pores 
are respectively 0-00007, 0-000045 and 0-00011 sq. mm. There thus 
appears to be considerable variation in the size of individual pores, but 
we may reasonably conclude that the size of the open stoma in this plant 
is about the same as in Helianthus annuus. 

Table LVII 


Dimensions of Stomatal Aperture in Verbena ciliata 



Width of Open Pore 

Length of Open Pore 

Stoma Number 

in micro 

in micro 

1 . 

. 6 

15 

2 . 

. 5-8 

9-8 

8 . 

. 8 

18 


If it is assumed that the frequency of the stomata is only about 0*8 
times that found in the sunflower it would mean that the distance 
apart of the stomata in Verbena ciliata is about 1*1 times that of the 
distance separating neighbouring stomata in Helianthus annum. Now if 
Jeffreys’ conclusion is correct that the stomata of the latter species can 
close until their diameter is only one-fiftieth of that of the open stomata 
before any reduction in diffusion takes place through them, it would 
appear that the stomata of Verbena ciliata can close until their diameter 
is reduced to one- fifty-fifth of that of the open stomata before the rate 
of diffusion of water vapour through them is appreciably affected. And 
even if Jeffreys’ conclusions and the above calculations are only approxi- 
mate, the opening and closing of the stomata of Verbena ciliaia through 
the range indicated in Table LVI should be without appreciable effect on 
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the rate of transpiration. This, indeed, is the conclusion which Lloyd 
drew from actual observations on the rate of transpiration and size of 
stomatal aperture in this plant, for he found the regulatory function of 
the stomata in transpiration to be negligible. This is opposed to the view 
that was at one time current, namely that the rate of transpiration from 
a leaf is affected by stomatal movement, and that indeed this serves to 
regulate transpiration. But already in 1919 Knight wrote: ‘The condi- • 
tions affecting the transpiration stream have been studied at every stage 
of its progress, and factor after factor has been successively added to the 
list until the stomata themselves cut but a poor figure in the array of 
regulating influences. In fact, in the opinions of some workers stomatal 
action is normally negligible compared with the controlling activities 
of other factors.’ 

Many workers have, indeed, attempted to determine whether the 
degree of stomatal opening influences transpiration rate, but as the 
quotation from Knight indicates, no general parallelism between the 
two has been made out, although a number of workers have appeared 
reluctant to accept as general the view, advanced by Lloyd in respect 
to Verbena ciliata and Fouquieria splendensS that ‘stomatal regulation of 
transpiration does not occur’. It is, of course, clearly to be expected that 
throughout the course of the day the rate of transpiration, even if 
affected by stomatal aperture, will also depend on factors influencing 
evaporation such as temperature and relative humidity, so that the 
fact that transpiration rate and degree of stomatal opening do not run 
parallel is not in itself an argument against the view of stomatal regula- 
tion.' From his work with a large number of species' Loftfield concluded 
that when the stomata are wide open the rate of transpiration is deter- 
mined by the factors influencing evaporation, but that after the stomata 
have closed to 0-5 or less of their full aperture, the size of the stomatal 
aperture may be a factor in determining the rate of transpiration. 
‘When closure is almost complete, the regulation of water loss by the 
stomata is very close.’ This conclusion agrees qualitatively with that of 
Jeffreys^ although Loftfield appears to suggest that stomatal opening 
would become a significant factor long before closure had proceeded as 
far as Jeffreys suggested it must before evaporation through the pores 
would be appreciably reduced. 

There appears, then, to be considerable justification for accepting 
the view that the stomata can close to a certain extent before the 
closure has any effect on the rate of diffusion through them, and hence 
on the rate of transpiration, although we may hesitate to accept Jeffreys’ 
conclusion as to the degree to which closure can proceed before affecting 
the transpiration rate. How far the stomata can close before this happens 
will depend mainly on the size of the stomata and their distance apart, 
and as both these, as we have seen, vary considerably, it is obvious that 
the extent to which the stomata can close before thereby bringing about 
a reduction in transpiration rate will vary from plant to plant. This, and 
also the failure to separate the effects of stomatal aperture and of 
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environmental and perhaps internal factors influencing rate of evapora- 
tion, may account for the inconclusive results obtained with regard to 
the relation between stomatal aperture and rate of transpiration. 

Relative Transpiration 1 

' If the stomatal aperture and other internal factors are without effect 
on the rate of transpiration, then the latter will be affected by environ- 
mental factors in the same way as evaporation. This being so, if the 
rate of transpiration from the plant is compared with the rate of evapor- 
ation from a free water surface under the same conditions, the ratio of 
the two rates should be a constant. Such comparisons have frequently 
been made, although usually the rate of evaporation is measured not 
from a free water surface, but from a porous surface saturated with 
water, such as a disk of filter paper, or a porcelain surface of a certain 
shape, such as a cup, a flat circular disk, or a sphere* While any instru- 
ment designed for the determination of rate of evaporation may Be 
termed an evaporimeter, those in which the free water surface is replaced 
by a solid porous surface holding water are usually called atmometers. 

' The ratio of the rate of transpiration per unit area from a plant 
to that from unit area of the surface of an evaporimeter was called by 
Livingston the relative transpiration. Determinations of the relative 
transpiration show that its value may vary considerably in the same 
plant) Thus Livingston found that it varied between 0-371 and 0-029 
in the dessert plant Allionia incarnata, and between 0-193 and 0-009 in 
Tribulns brachystylis, another species of the Arizona desert. <Hence it 
appears that the evaporating surface of the plant does not behave simply 
as a wet surface, and that some internal factor must be operative as 
well as the environmental factors) No doubt stomatal aperture can be 
effective in this way, but, as we have seen, probably only after closure 
has proceeded some considerable way. 'Even before the work of Jeffreys 
and Loftfield, it was suggested by Livingston and Brown that the- 
stomata play only a minor part in regulating transpiration, the principal 
internal factor governing which they consider to be incipient drying) 

• According to this view, when transpiration is active the mesophyll 
cells of the leaf may lose water more rapidly than they receive it. The 
cell- walls bordering the intercellular spaces will then cease to be saturated 
with water and the surface of the water columns in the capillary spaces 
of the walls will retreat from the cell surface. The atmosphere in the 
intercellular spaces will then no longer be saturated with water vapour 
at the surface of the cells, and since the vapour pressure of water at the 
evaporating surface falls, the diffusion gradient of water vapour will be 
less steep, and consequently the rate of evaporation will be less. Thus, 
this incipient drying will lead to a falling off in transpiration rate/ 

« However, the concept of relative transpiration has been much 
criticized. In the first place changing wind velocity may have different 
effects on evaporation from the surface of an atmometer and through 
the stomatal system, and secondly, solar radiation may influence 
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evaporation from a leaf and from different types of atmometer differently, 
presumably because different proportions of the total incident radiation 
afe transformed to heat by the different surfaces. So Livingston and 
Maximov found the maximum transpiration rate was reached earlier 
than the maximum rate of evaporation from an atmometer, while Briggs 
and Shantz found the maximum transpiration rate was reached after 
the maximum evaporation rate. The difference is ascribed by Maximov 
to the different types of e vapor imeter used by these respective workers,* 
that of Livingston being less sensitive to solar radiation than the leaf, 
that of Briggs and Shantz more so. It thus seems likely that values of 
relative transpiration are determined in part by the type of evaporimeter 
used.^Consequently, the theory of incipient drying as a regulator of 
transpiration, being based on determinations of relative transpiration, 
still requires experimental evidence for its support.* 

From observations on the march of transpiration by maize plants,* 
watered and unwatcred, Maximov has outlined a theory of regulation 
of transpiration which involves both the theories of regulation by 
stomatal movement and by incipient drying, but which depends in 
the first place on the water content of the soil. He found that the transpir- 
ation from plants continually watered increased through the day until 
about 3 p.m., whereas in unwatered plants transpiration commenced 
to decline 2 to 4 hours earlier. By 5 p.m. the rate of transpiration from 
the unwatcred plants was on the average less than one-third that from 
the watered plants. A shortage of water in the soil thus appears to bring 
about a considerable lowering of transpiration rate. Maximov argues 
that the drier the soil the less readily will water be absorbed by the root 
and the greater will be the retardation of movement of the water of the 
transpiration stream in the lower part of its course. Owing to the 
cohesion of water, the result of this retardation in water movement in 
the lower part of the plant is that water will not be able to pass into the 
mesophyll cells as rapidly as it is lost by transpiration. As a result, the 
water content of the leaf cells falls, and also the surface of each water 
column in the capillaries of the walls of the evaporating cells retreats 
from the cell-wall surface so that the vapour pressure of water vapour 
at the surface of the' intercellular spaces becomes lowered, and the rate 
of transpiration falls as hypothesized by Livingston. The decrease in 
water content of the cells, that is, their loss of turgor, results as we have 
seen in closure of stomata, which, when a certain degree of closing has 
been reached, further retards transpiration, and with complete closure 
may stop it altogether^ With renewed vigorous water absorption by the 
root the reverse chain of processes will be induced, so that regulation of 
transpiration, on this theory, may be traced back to the water content 
of the soil. 


Influence of External Conditions on Transpiration 

From what has been stated above it will be clear that internal 
conditions,, which include stomatal aperture and water content of the 



284 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

cell-walls, may have a profound influence on transpiration rate. External 
conditions which normally affect rate of evaporation from a wet surface 
will likewise influence rate of transpiration* From the discussion on 
• p. 269 it will be clear that both the humidity of the atmosphere and the 
■ temperature will influence rate of transpiration. Light (solar radiation) 
;may affect transpiration not only by influencing the temperature of the 
; evaporating surface, but also indirectly by its effect on stomatal move- 
ment, while the same holds, though less markedly, with regard to 
humidity. 

- Humidity. To eliminate .the indirect effect of humidity in inducing 
stomatal closure, F. Darwin adopted the device of blocking the stomata 
on the under side of the leaf of cherry laurel ( Prunus laurocerasus) with 



Fig. 29. — Graph showing the relation of transpiration to humidity 
(After F. Darwin) 


cocoa butter or vaseline, and then making incisions in the upper surface. 
Since in this leaf the stomata are confined to the under surface, the 
intercellular spaces are then connected with the outer air only through 
the artificially produced incisions) Potometric measurements of transpir- 
ation were then made under different conditions of humidity/ The 
results of an experiment carried out in the dark are shown graphically in 
Fig. 29 and are typical of the results in general. They indicate an essenti- ■ 
ally linear relationship between relative humidity and transpiration'rate, 
as would be expected from Dalton’s formula, but it will be observed that 
by extrapolation transpiration would only be reduced to zero in a super- 
saturated atmosphere of about 105 per cent, relative humidity) This 
anomaly might be due to defects in the method, as, for example, the 
use of a potometer for measuring transpiration, or it could be explained 
as due to the surface of the evaporating cells being slightly higher in 
temperature than the surroundings. Darwijr*calculated that the actual 
difference in temperature necessary to give this result would be 0*8° C., 
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which he considered might easily be produced by the respiratory activity 
of the leaf. 

/ Later, Henderson confirmed Darwin’s general conclusions,' but the 
value he obtained for the relative humidity found by extrapolation for 
zero transpiration was about 102 to 103 per cent., corresponding to a 
leaf temperature of about 0-4° C. above the surroundings, as compared 
with the 0-8° C. calculated by Darwin. 

Light. Like humidity, light may affect transpiration indirectly by 
its effect on stomatal opening and closure. By the method just described, 
F. Darwin investigated the effect of light on transpiration»from leaves 
of Hedera helix and Prunns laurocerasus in which the factor of stomatal 
movement was eliminated. 'He found that transpiration from ivy was/ 
on the average 86 per cent, higher in diffuse light than in the dark, and 
in cherry laurel 32 per cent, higher. ' 

The reason for this effect of light on transpiration is not yet clear. . 
Two explanations have been suggested. Light may be absorbed by the 
leaf and transformed to heat and so increase the rate of evaporation, or 
it may have some effect on cell permeability which may lead to the 
readier passage of water through the cell membranes. 

'More recent work by Henderson, in which Darwin’s work was 
repeated and extended, suggests that the normal effect of light on 
transpiration may be much less than that attributed to it by Darwin,* 
for the considerable increase in transpiration rate in light appears 
immediately after making the incisions in the upper surface of the leaf, 
and may largely disappear after an hour or two, when the excess of 
transpiration in the light may only amount to 4 or 5 per cent., a quantity 
which would be readily explained as due to slight heating of the leaf. 

Temperature. It is clear that, as mentioned above, temperature of 
the air will influence the rate of transpiration, by increasing both the 
water vapour pressure gradient and the coefficient of diffusion of water 
vapour. It is well known that on hot days some plants lose so much 
water that they wilt, and measurements of transpiration throughout the 
day leave no doubt that temperature may often be the chief factor 
determining changes in transpiration rate. 

Wind. We have noted earlier that evaporation from a wet surface in 
a wind may be several times as rapid as in still air, but that the magni- 
tude of the effect depends on the shape and size of the surface. The 
actual, effect of wind on transpiration was examined by Knight in 1917. 
This worker compared the rate of transpiration from leaves with the rate 
of evaporation from a filter paper evaporimeter when both were sub- 
jected to a wind having a velocity of 7 metres per minute. In this case 
evaporation from the atmometer was about 78 per cent, higher than 
in still air, whereas transpiration from the leaf was only about 50 per 
cent, higher. 

In these experiments the stomata remained open, but sometimes wind 
may induce closure of thg stomata which, if carried far enough, will 
lead to a reduction of transpiration rate.* On the other hand strong wind, 
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by causing movements of the leaf lamina, may lead to movement of air 
in the intercellular spaces and its expulsion and absorption as the spaces 
contract and expand. When this occurs, owing to the expulsion of 
saturated air and the absorption of comparatively dry air, the rate of 
transpiration may be greatly increased; indeed, according to Wiesner, 
the rate of water loss under such conditions may be as much as 20 times 
that in still air. 

The Daily March of Transpiration 

• Since transpiration is dependent on so many factors, internal and 
external, it is not improbable that throughout the day different factors 
may play the predominant part at different times in determining its 
rate. Notable observations of the daily march of transpiration in dif- 
ferent plants have been carried out by Briggs and Shantz in Colorado, 
and by Maximov at Tiflis. In both cases continuous records were taken 
of transpiration and of climatic factors (air temperature, solar radiation, 
relative humidity and wind velocity). Although different species exhibit 
minor differences in the march of transpiration it may be stated that in 
general the rate of transpiration is low during the night and rises rapidly 
during the morning hours, attaining a maximum between noon and 
2 p.m. During the afternoon the transpiration rate falls steadily to the 
minimum of the hours of darkness. In Medicago saliva on a clear day in 
June, Briggs and Shantz found this minimum transpiration rate only 
2 per cent, of the maximum, while Maximov found a similar relation in 
Helianthns annuus at the same time of year. In Stipa, however, the 
minimum found by Maximov was 12 per cent, of the maximum rate. 
c Under the conditions of these experiments, solar radiation, and also air 
temperature and saturation deficit, which are largely determined by the 
solar radiation, all reach a maximum in the middle hours of the dayi 
Under other external conditions it is only to be expected that the march 
of transpiration during the day will deviate considerably from such a 
regular course. 

The Relation of Water Absorption to Water Loss 

1 It is obvious that if water loss by the plant is not equal to absorp- 
tion the water content of the plant will alter. That changes in the 
water content of plants do take place has been shown by many investi- 
gators, and sometimes the fluctuations over a period of 24 hours may 
be very great. Thus in leaves of the desert plant Amaranthus palmeri 
Livingston and Brown recorded variations between 601*9 and 806*6 
in the water content expressed as percentage of the dry weight, while 
considerable, though less wide, variations were observed in other plants 
of the Arizona deserts. The maximum decrease expressed as a percentage 
of the maximum water content was found to vary in these plants from 
89*1 in the species mentioned above to 14*8 in Prosopis velutina.' Values 
of this so-called water deficit of the same order were found by Mme 
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Krasnoselsky-Maximov in plants of a definitely xerophytic type at 
Tiflis. Expressed as percentages of fresh weight of the leaves the maxi- 
mum diurnal range in water content found by Livingston and Brown 
was about 8 per cent, and that by Mme Krasnoselsky-Maximov about 
7-7 per cent > Similar values were found by Maximov and Krasnoselsky- 
Maximov for mesophytes such as Helianthus annuus and Atriplex 
hortensi8 in the temperate climate of Leningrad, but in England Knight 
found a maximum of only 1*8 per cent., and Yapp and Mason of 2-77 per . 
cent, with an average of 1 per cent. (These diurnal variations in water 
content are due to transpiration exceeding absorption during the morn- 
ing and afternoon hours of the day, this excessive loss of water being 
made good during the night when absorption exceeds transpiration.) 

*Tf the water deficit resulting from excess of transpiration over 
absorption becomes so great that the cells lose their turgor, the leaves 
become flaccid and the condition known as wilting results. From what 
has been stated above with regard to observed ranges in water content 
of leaves, it is to be expected that the loss of water necessary to produce 
wilting will exhibit considerable variation in different species. In general, 
wilting in thin-leaved shade plants sets in when the plants have lost 
comparatively little water; indeed, in Eupatorium adenophorum^K night 
found that a loss of water of only 1 per cent, of the weight of the turgid 
leaf produced very definite wilting. 1 In some plants, on the other hand, 
much more water has usually to be lost before wilting results. According 
to Mme Krasnoselsky-Maximov, these differences are related to the 
different changes in size between turgid and plasmolysed cells of the two 
types of plant/ In shade plants she found the reduction in volume of 
turgid cells when plasmolysed was rarely as much as 8 per cent, whereas 
in sun plants a reduction of as much as 30 per cent, was observed. It 
would appear that the modulus of elasticity of the cell- walls is much less 
in the leaves of sun plants than in those of shade plants so that in the 
former the same pressure produces more stretching of the walls than in 
the latter. 

Plants generally recover from moderate wilting, but if subjected to ' 
water shortage in the soil so that water can no longer be absorbed by 
the roots, the condition known as permanent wilting sets in from which 
the plants may derive permanent injury. In this condition the water 
content of the leaves is much lower than that observed in the transient 
wilting which may occur during the hotter hours of the day as a result 
of excessive transpiration alone. 

Xeromorphy 

It is well known that plants growing in dry habitats exhibit various 
characteristics which tend to retard transpiration. Such characteristics 
are a thick cuticle, the development of a layer of wax over the surface 
of the leaf, sinking of the stomata below the level of the epidermis, the 
development of hairs over the surface of the leaf, and the reduction of 
the surface area of the shoot in relation to the total voluine of the plant. 
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Of these characters, the reduction in surface area does definitely 
result in a low transpiration rate. This is seen in such plants as the 
succulents, of which the Cactaceae exhibit the most highly developed 
examples. The low transpiration rate in these plants is aided by closure 
of the stomata during the day. But the succulents only constitute one 
group of many among xerophytes, and Maximov has emphasized that 
a low transpiration rate is not to be regarded as characteristic of xero- 
phytes in general, and in groups of xerophytes other than succulents 
transpiration may take place as rapidly as from mesophytes. However, 
where the stomata are protected by hairs or papillae, or where they are 
sunk below the level of the epidermis, the rate of transpiration in wind 
will be less than it would be in an exactly similar leaf without these 
so-called protective devices and there will be little difference between 
the rate of transpiration in still and moving air. There is thus in such 
cases a diminution in the effect of wind in increasing transpiration rate, 
but so long as the stomata remain open transpiration will continue, and - 
in those xerophytes in which the stomata are normally exposed we should 
expect transpiration to be as rapid as in mesophytes under similar 
conditions. 

With closure of the stomata, however, a thick cuticle or a covering 
of wax may be very effective in retarding transpiration, and it is prob- 
ably this that enables xerophytes to remain alive for a long time under 
very dry conditions. So Maximov comes to the conclusion that xerophytes 
are characterized, not by a generally low transpiration rate, for this 
may be as high as, or higher than, that of mesophytes when water is 
abundant, but by the capacity to restrict, by closure of stomata and the 
effective retardation of cuticular transpiration, the loss of water in times 
of drought. 

GUTTATION 


Water may not only be given off from the plant as vapour in transpir- 
ation, but also in liquid form, when the phenomenon of its excretion is 
called guttation? Much variation exists among plants as to the extent 
to which such excretion of liquid water may take place, but it has been 
observed in plants of more than 830 genera belonging to 115 families. 
'In plants where it occurs it is induced by conditions which further root 
absorption and retard transpiration; it is thus not surprising that it 
should be more frequent at night than during the day, and commonest 
in humid tropical areas where the relatively high temperature of the soil 
is a factor favouring rapid water absorption and the moist atmosphere 
one tending to retard transpiration) Among plants of temperate regions 
species of Impatient and grasses, including the cereals, readily exhibit 


antiquorum it is said 
be exuded by a single 


the phenomenon^ In the tropical plant Colo casui antiquorum it is said 
that during a single day 200 c.c. of wateaSjMfl^e^xuded by a single 
leaf. 

* The exudation of liquid water generally takes place through struc- 
tures known as hydathodes which may be specialized epidermal cells 
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unconnected with the vascular system, or may comprise a group of 
loosely arranged cells known as ‘epithem’ in contact with a vascular 
bundle and opening into a ‘water stoma’ which connects with the out- 
side of the leaf and which differs from the ordinary stoma in the absence 
of power of movement in the cells bordering the pore. * 

* The mechanism of excretion of water by guttation is not very clear. 
It is generally supposed that the excretion is produced in one of two 
ways. Where hydathodes provided with water stomata are present the 
exudation is attributed to root pressure or a similar pressure set up in 
the xylem of stems. As already explained, if solutes diffuse into the 
water in the xylem this may result in the passage of water into the 
vessels and tracheids, and if the process continues the water so drawn 
in will be forced out of the conducting tracts at the point which offers 
least resistance to the passage of water, and this will be where the 
tracheids abut on the epithem.' Here the water is forced into the inter- 
cellular spaces and so out through the water stomal The continuance of 
guttation in this way will thus depend on the continued supply of 
osmotically active solutes to the xylem, for the water of guttation 
contains a certain amount of these solutes which will therefore be 
constantly passing out of the plant. The loss of water from cut branches, 
the phenomenon known as ‘bleeding’, is generally ascribed to the same 
mode of action.* 

" The simpler epidermal hydathodes are usually supposed themselves to 
play an active part in water excretion. We may suppose that osmotically 
active substances present in these cells pass through the membranes to 
the outside and set up an osmotic pressure outside the cell. Since the 
suction pressure inside the cell is less than the osmotic pressure so long 
as the cell is turgid, water will pass osmotically through the cell mem- 
branes to the outside.' The maintenance of water excretion by this 
means will thus depend on the continued production of osmotically 
active material in the hydathode and the permeability of the cell mem- 
branes on the outer side to this material.* 

If this is a correct view of the mode of action of hydathodes of this 
type they may be compared with nectaries, where it has been shown that 
excretion of liquid ceases if the surface is washed with water, this having 
the effect of removing the osmotically active material, while addition of a 
small quantity of sugar will immediately bring about a renewal of the 
excretion. 

It is obvious, then, that whatever the type of hydathode, the liquid ‘ 
excreted will contain solutes. Analyses have shown that these solutes 
may comprise a wide range of substances both inorganic and organic, 
varying from roughly 0-05 to 0-5 per cent, of the exudate, and including 
potassium carbonate, seniu m chloride, calcium chloride, magnesium 
chloride, and other satyflMUe in species of Samfraga and in many mem- 
bers of the Phimbagin«q|H|ponsiderable quantities of calcium carbonate 
are present in the exudateS* 
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CHAPTER X 


NITROGEN ASSIMILATION 

Although compounds of nitrogen are present in plants in much less 
quantity than carbohydrates, they are of first importance, for some of 
them form an essential part of the protoplasm itself. The sequence of 
events between the absorption of comparatively simple nitrogenous 
substances from the surrounding medium and the formation of proteins 
and other complex nitrogenous substances is, however, very imperfectly 
known, and our information on this matter rests on a very much less 
secure foundation than our knowledge of the production of carbohydrates. 

It is well known that the nitrogen absorbed by vascular plants, with 
the exception of the Leguminosae, is taken up by the root in the form 
of compounds in aqueous solution. Although 80 per cent, of the atmo- 
sphere consists of gaseous elemental nitrogen, the only plants capable of 
utilizing this arc the Leguminosae, which are able to do so on account 
of the presence in their rootlets of nitrogen-assimilating bacteria. 
Although the relationship between these organisms and the host plant 
is still far from being completely understood, it is clear that they absorb 
nitVogen from which compounds are formed which pass into the tissues 
of the rootlets so that the source of nitrogen for the leguminous plant is 
actually combined nitrogen supplied to the roots as it is in autotrophic 
plants generally, although the actual compounds are possibly different. 

The inability of the ordinary green plant to absorb elemental nitrogen 
was indicated by experiments of Boussingault more than a hundred 
years ago. Plants were grown in (a) sand, (b) sand, ash and nitrate and 
(c) sand, ash and carbonate. Only in the cultures provided with nitrate 
did normal growth take place; in the others growth was negligible as 
was the increase not only in nitrogen, but also in organic matter. Con- 
firmatory results were obtained shortly afterwards by Lawes, Gilbert 
and Pugh, and in more recent years by Otto and Kooper. The position 
of affairs in leguminous plants was made clear in 1888 by the work of 
Hellriegel and Wilfarth, who showed that whereas non-leguminous plants 
were dependent for their supply of nitrogen on compounds containing 
this substance in the soil, leguminous plants could absorb and utilize 
elemental nitrogen, but that the power to do so depended on the presence 
of micro-organisms, for the power is lost when the soil is heated to 
70° C. and the micro-organisms thereby killed. The isolation of the 
bacteria growing in the tubercle-like rootlets of Leguminosae was 
effected about the same time by Beyerinck, and to these bacteria, to 
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which a variety of names including Pseudomonas radicicola have been 
given, it was found the fixation of nitrogen by leguminous 'plants was 
due. Pseudomonas radicicola appears to be an aggregate species, com- 
prising a number of different strains living in symbiosis with the respec- 
tive members of the Leguminosae. 

Apart, then, from the Leguminosae, the green autotrophic plant 
absorbs its nitrogen in combined form. In natural soils this nitrogen is 
nearly always derived from organic material; from the dead bodies of 
plants and animals or from the excreta of animals. Rocks containing 
nitrogen are rarely met with. What is known as the ‘nitrogen cycle’ in 
nature is thus of supreme importance. 

The nitrogenous substances of organic origin undergo degradation in 
the soil so that from the proteins are formed various decomposition 
products such as albumoses, proteoses, peptones and ultimately amino- 
acids. From the latter ammonia is produced, and may appear in the soil 
in the form of ammonium salts. Usually the ammonia or ammonium' 
salts are absorbed by bacteria of the genus Nitrosomonas with the pro- 
duction of nitrous acid. The latter is then absorbed by the nitrating 
bacteria, Nitrobacter, which oxidize the nitrous acid to nitric acid and 
the latter, reacting with bases in the soil, produces nitrates. These are 
regarded as forming the chief source of nitrogen in the soil for the growth 
of plants, but it is clear that in addition there may be present nitrites, 
ammonium salts and organic compounds of nitrogen. 

The nitrogenous substances to be met with in natural soils are thus 
various organic and inorganic compounds, the latter being ammonium 
salts, nitrites and nitrates. Analyses of such soils indicate that the 
organic nitrogen is generally present in greater quantity than the in- 
organic, while there is generally more ammonia than nitrate, which 
may, indeed, be present in only negligible quantity. A very considerable 
amount of work has been done on the absorption of these various 
- nitrogen compounds by plants, by growing them in sand and water 
cultures supplied with the various compounds in question. The general 
: conclusion may be drawn that ammonium salts, nitrites and nitrates are 
■ all absorbable and utilizable by plantsi It appears, however, that 
different species exhibit differences as regards the relative utilizability 
of different inorganic nitrogen compounds. Thus, for example, Maz£ 
concluded that maize can absorb and utilize ammonium salts equally as 
well as it can nitrates, while a similar conclusion has been drawn for 
numerous other crop plants by different workers. The results of other 
experiments are on record which suggest that in some plants, as in- 
Beta, growth is more rapid when nitrogen is supplied in the form of 
nitrate than as an ammonium salt, while with other plants, as the 
potato, the reverse appears possibly to be the case. There also appears 
to be the possibility that the relative effectiveness of nitrate or ammonia 
as nutrient may vary with the stage of development, or may be different 
for different organs. Plants are also capable of absorbing and utilizing 
nitrites, although in higher concentrations these have a toxic effect. 
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As regards the absorption of organic compounds containing nitrogen, 
experiments made with sterile cultures, in which there is no possibility 
of the conversion' of the organic compounds into ammonium salts or 
nitrates, indicate that such substances are absorbed and utilized by 
green plants, but that they are absorbed much more slowly than in- 
organic nitrogen compounds. 

In natural soils the total nitrogen rarely reaches 1 per cent., and is 
generally very much less and may only amount to 0*1 per cent. Nearly 
all of this is organic nitrogen, the inorganic nitrogen being usually less 
than 1 per cent, of the whole. Since the nitrogen is absorbed principally 
as ammoniuih salts and nitrates, it thus appears that the actual solution 
of inorganic nitrogen is very weak. From this solution the nitrogen 
compound passes into the root hair, either by diffusion or by some more 
complex mechanism, the laws governing its intake being presumably 
those which govern the passage of dissolved substances into and out from 
cells in general, and which have already been discussed in Chapter IV. 

The ultimate fate of the nitrogen after it enters the root is very 
varied. Sometimes the nitrogen remains in inorganic combination, for 
de Vries found that potassium nitrate forms an important constituent 
of the vacuole in cells of Helianthus tuberosus, and that, indeed, the 
osmotic pressure of these cells is largely due to this substance. But the 
typical function of nitrogen in the plant is found in the production of 
proteins, and particularly the proteins which form part of the proto- 
plasm. In addition to these, reserve proteins are common in plants, while 
numerous basic compounds containing nitrogen, including amines, be- 
taines, alkaloids and purine bases are found throughout the plant 
kingdom, some widely distributed, others restricted to a single species. 
There are also those compounds of nitrogen bases with fatty acids, and 
containing phosphorus, which have already been mentioned in an 
earlier chapter, and which we have already seen appear to play so 
important a part in determining the characteristics of protoplasm. 

While the nitrogenous substances entering the plant are known, and 
the final products of nitrogen assimilation are for the most part well 
recognized, the chain of actions connecting the raw materials and the 
final products is not known with the same definiteness. 

Where nitrates occur dissolved in the vacuolar sap, it may be con- 
cluded that they diffuse as such from the root hair through the cortical 
cells of the root, and so pass ultimately to the cells in which the accumu- 
lation of nitrates takes place. Part of their journey thither may, pre- 
sumably, involve passive movement in the transpiration stream as well 
as active diffusion. This function of nitrogen, namely, the provision of 
osmotic pressure giving rise to turgor, is, however, a minor one only 
rarely met with. 

Undoubtedly the principal problem of nitrogen assimilation is pre- 
sented by the formation of proteins. The obscurity which at one time 
surrounded this problem has to some extent been removed by recent 
researches. As regards the seat of protein synthesis two main views have 
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been held; according to one, protein formation takes place in the leaves, 
light energy being required for the synthesis, while according to the 
other, protein formation is independent of light and can take place in 
many other parts of the plant and perhaps in every cell, provided the 
materials necessary for the synthesis are present. 

J Schimper in 1888 found that nitrates accumulate in the leaves of 
plants maintained in darkness, these nitrates diminishing on exposure 
to light. This accumulation of nitrate in leaves was shown more recently, 
in 1922, by Chibnall in leaves of Phaseolus multiflorus. Further, Sapoz- 
nikow, about the year 1895, reported that during exposure of leaves to 
light their protein content increased as well as the content of carbohy- 
drate. The more recent work of Chibnall on Phaseolus multiflorus has 
shown definitely that the protein content of leaves is higher during the 
day than at night. These observations suggest that protein synthesis 
from nitrates takes place in leaves during exposure to light.'^However, 
Sapoznikow himself, and later Zalcski, Suzuki and others, showed that 
protein synthesis still occurred in leaves in the dark if they were provided 
with carbohydrate. Suzuki, for example, transferred barley seedlings 
which had grown in a nutrient solution in the dark to a sugar solution, 
and found that in darkness protein synthesis resulted. It would thus 
appear that the formation of proteins in leaves in the light is not actually 
a photosynthetic process itself, but depends on the presence of carbo- 
hydrates and nitrates. In the dark photosynthesis of carbohydrate does 
not occur, and so the material necessary for mrotein synthesis is wanting. 
The matter is, however, not absolutely clear^As Masked and Mason have 
pointed out, it is difficult to understand why nitrates should accumulate 
in leaves at night if protein synthesis is purely chemosynthetic, for 
although there is a reduction in sugar concentration at night, there may 
be a much greater reduction in the rate of entrance of nitrates in the leaf 
if these are conveyed in the transpiration stream, for, as we have seen 
in the last chapter, the upward movement of water is generally greatly 
reduced at night. More recently Pearsall and Billimoria have shown that 
light brings about an increase in the rate of absorption of nitrates and 
ammonium salts by leaves of Narcissus pseudonarcissus floated in a 
nutrient solution containing glucose and an inorganic source of nitrogen. 
\ The amount of protein formed may also be increased in light. From an 
{ analysis of their data they conclude that light may affect the nitrogen 
j metabolism of leaves in three ways: (1) by bringing about an increase 
i in the rate of absorption of inorganic nitrogen, (2) by increasing the rate 
I of reduction of nitrate to nitrite (cf. p. 299), and (8) by increasing the 
rate of production of organic nitrogen. They also found that the capacity 
of leaves for protein formation may depend upon their age, protein 
content and other internal conditions. 

If, however, it is correct to assume that protein synthesis itself is 
not a photosynthetic process, it might be expected that this synthesis 
can take place in every living cell provided the requisite nitrate and 
carbohydrate are present, although it must be borne in mind that other 
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conditions, such as the presence of certain enzymes, may also be neces- 
sary. As will be mentioned later, there is evidence that protein can be 
manufactured in the cells of the root provided they contain nitrate, 
certain carbohydrate derivatives and essential enzyme systems. 

If we assume that normally the synthesis of proteins from nitrate and 
carbohydrate takes place largely in the leaves, it follows that the 
absorbed nitrate passes as such from the root hair to the mesophyll cells. 
It was earlier assumed that the nitrate was carried into the leaves in 
the transpiration stream through the xylem. In 1923, however, Curtis 
brought forward evidence suggesting that the nitrate might actually 
pass into the leaves by way of the phloem. Stems of privet, peach and 
lilac attached to the tree or bush were ‘ringed’, that is, a ring of tissue 
external to the xylem was removed, so that the phloem and all tissues 
outside it were wanting over a short length of the stem. The ring was 
covered with warm paraffin wax at the time of ringing. Immediately 
after ringing, sodium nitrate, or, occasionally, calcium nitrate was 
added to the soil. The nitrogen content of leaves above the ring was 
determined after various times in different cases, and the value obtained 
compared with that of leaves on unringed branches. The results obtained 
show that leaves on the ringed stems always contain less nitrogen than 
those of unringed stems, and this is so whether the ring is made in spring 
before the leaves open, and so before new xylem is formed, or in the 
summer when new xylem has been formed. It is also true whether the 
nitrogen quantities are expressed in terms of dry weight, leaf surface, or 
as absolute quantities. 

The later observations of Maskcll and Mason on the movement of 
nitrogen compounds in the cotton plant are at variance with those of 
Curtis. From analyses of the different parts of ringed and unringed 
plants Maskell and Mason concluded that the movement of inorganic 
nitrogen into the leaves is not apparently affected by removal of a ring 
of phloem and external tissues. They found little difference in nitrogen 
content of the leaves of ringed and unringed plants, the nitrogen content 
in both cases rising during the day and falling at night, so that in the 
ringed plants, as in the unringed, nitrates were able to reach the leaves, 
although in the former plants the phloem was missing over the ringed 
portion of the stem. Maskcll and Mason suggest that the difference 
between the results obtained by them and by Curtis may be related 
to the different length of time which elapsed between ringing and 
analysis of the tissues. The analyses of Mason and Maskell were carried 
out over the next 24 hours or so after ringing, whereas in Curtis’s experi- 
ments several weeks usually elapsed between ringing and analysis of 
the tissues. Hence changes in the wood resulting from ringing may have 
developed considerably by the time Curtis’s analyses were made, and 
it is extremely possible that reduced transpiration resulted, as, indeed, 
Curtis found. The reduced conduction of nitrogen found by Curtis 
could therefore be explained as due to this reduction in the amount of 
nitrate carried passively in the stream. We may, therefore, suppose that 
20 
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inorganic nitrogen finds its way to the leaves largely by means of the 
transpiration current. Diffusion of the salts from cell to cell will prob- 
ably also take place, but this is a very much slower process and will 
constitute a very subsidiary channel of supply of nitrogen to the seat of 
protein synthesis. 


PLANT PROTEINS 

In considering the problem of protein synthesis in the plant it is 
necessary to recall the molecular structure of the proteins. They are 
essentially condensation products of amino-acids, although other groups 
may enter into their composition. The amino-acids are substances con- 
taining both an acid group — COOH and a basic group — NH„ the 
simplest being aminoacetic acid CH 2 (NH 2 ).COOH. In the proteins the 
condensation of the different amino-acids is effected by elimination of 
water, the combination taking place between the — COOH and — NH 2 
groups thus: 

9 + 9 . 9 9 +H .o 

H 2 N.CH.COOH H.N.CH.COOH HjN.CH.CONH.CH.COOH 

Theoretically, at any rate, the number of amino-acids which can 
combine together is unlimited, and in naturally occurring proteins there 
are undoubtedly a very large number of amino-acid units involved in a 
single molecule. Thus from determinations of the rate of diffusion 
Sutherland concluded that egg albumin possessed a molecular weight of 
nearly 88,000, while Sorensen, from determinations of osmotic pressure, 
obtained a value of about 84,000. Such determinations indicate that the 
protein molecules contain several hundred amino-acid groupings. When 
it is realized that there are a large number of different amino-acids 
which may enter into the composition of the proteins, it will at once 
be evident that the number of possible proteins is practically unlimited. 
Indeed, a very large number of different proteins have been isolated 
from plants. These, while not varying greatly in respect to the pro- 
portions of different elements in the molecule, may differ considerably 
with regard to the relative amounts of the various amino-acids con- 
tained in them. The chief of these amino-acids which enter into the 
composition of plant proteins, and which are yielded by them on 
hydrolysis, are summarized in Table LVIII. 

The complete hydrolysis of proteins results in the production of the 
constituent amino-acids, but if the hydrolysis is only partial, compounds 
of similar constitution to the proteins, but possessing smaller molecules, 
are produced. These are described as metaproteins, albuminoses, pep- 
tones and polypeptides according to the size of the molecules, the 
metaproteins being the most complex and the polypeptides the least. 
Actually Emil Fischer succeeded in synthesizing polypeptides by com- 
bining amino-acid groups in chains. Commencing with combinations of 
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two amino-acid molecules, called by him dipeptides, such as glycyl- 
glycine and alanylalanine, he proceeded to produce tripeptides, tetra- 
peptides and so on. The more complex of these artificially prepared 
substances, such as those containing 14 and 18 amino-acid groups, closely 
resemble proteins in their physical and chemical properties, and it is 
impossible .to draw a hard-and-fast line between the true proteins and 
the simpler substances of protein character derived from their hydrolysis. 
They, that is the albuminoses, peptones and polypeptides, are thus 
sometimes spoken of as derived proteins. 


Table LVIII 

Principal Amino-acid Constituents of Plant Proteins 


Amino-acid 

amino-acetic acid (glycocoll, glycine) 
a-amino-propionic acid (alanine) 
a-amino-isovaleric acid (valine) 
a-amino-isocaproic acid (leucine) 
a-amino-succinic acid (aspartic acid) 


a-amino-glutaric acid (glutamic acid) 


arginine 

lysine 

phenylalanine 

tyrosine 

tryptophane 

cystine 


Formula 

CH,(NH,).COOH 

CH 3 .CH(NH t ).COOH 

(CH,) t :CH.CH(NH t ).COOH 

(CHjJjiCH.CH^CHfNHjJ.COOH 

CHj.COOH 

CH(NH,).COOH * 

CH,. CHj.COOH 

CH(NH,).COOH 

NH:C(NH,).NH.(CH,),.CH(NH,)COOH 

CH,(NH 1 ).(CH,),.CH(NH,).COOH 

C,H s .CH,.CH(NH t ).COOH 

HO.C,H 4 .CH,.CH(NH,).COOH 

C g H,N.CH,.CH(NH,).COOH 

S.CH,.CH(NH,).COOH 

S.CH,.CH(NH,).COOH 


j The true proteins of plants are classified as albumins, globulins, pro- 
lamins or gliadins, and glutelins. Of these only the albumins are soluble 
in water. The globulins are soluble in dilute salt solutions, in which 
respect they differ from the prolamins and glutelins. The two latter 
groups are distinguished by their solubility in alcohol, the prolamins 
being soluble in 70-90 per cent, alcohol, while the glutelins are insoluble. 
All plant proteins investigated contain a small amount of sulphur, 
attributable to the presence in the molecule of a small proportion of 
cystine or some other amino-acid containing sulphur. 

In addition to the simple proteins, more complex substances termed 
conjugated proteins are present in plants. Thus compounds of proteins 
and nucleic acids are probably present in the protoplasm of all cells, 
and the chromatin of the nucleus is supposed to be composed of such 
substances. On hydrolysis these compounds yield their constituent 
proteins and nucleic acids, the latter being themselves complex com- 
pounds containing phosphorus. 

Mention has already been made of the fact that a large number of 
different proteins occur in plants, and it is possible, and even probable, 
that each species is characterized by its own specific proteins, although 
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in nearly related species the proteins may be of so nearly similar com- 
position as to go by the same name. Thus an albumin called legumelin 
has been isolated from a number of species of the Leguminosae, including 
soya bean (Soja max), lentil ( Ervum lens), edible pea ( Pisum sativum) 
and broad bean ( Vida faba) among others. The properties of these 
various preparations are closely similar, but minor differences are 
observable, as, for example, the nitrogen content of the protein, which 
varies in the different preparations from 16-1 to 16 3 per cent, and which 
suggests flight differences in the molecules of this protein in the different 
species../ 

Most of our information with regard to plant proteins has reference 
to storage proteins in seeds and tubers. Of late years, however, a certain 
amount of data regarding the cytoplasmic and vacuolar proteins of 
leaves have been obtained by Chibnall and his collaborators. From 
their work it appears that the cytoplasmic protein of leaves consists 
either of a glutelin, or of a mixture of glutelins with similar properties." 

PROTEIN SYNTHESIS 

The problem of protein synthesis is, then, to determine the series of 
reactions by which the absorbed nitrate or ammonium salt is converted 
into protein. We have already noted that the evidence appears to 
indicate that for this synthesis to occur the inorganic nitrogen compound 
must be brought into contact with carbohydrate or a derivative of 
carbohydrate, and that while this appears to take place chiefly in the 
assimilating organs, there seems no reason to suppose that protein 
synthesis cannot take place elsewhere provided the essential materials 
are present. 

Since the nitrogen in proteins is contained in the — NH, and — NH 
groupings, it might be supposed that ammonium salts would constitute 
a more readily utilizable form of nitrogen compound than nitrates. We 
have already seen that this is not generally so, and that nitrates in 
general constitute as good a source of nitrogen as ammonium salts or 
even a better one. It is, nevertheless, generally supposed that the 
absorbed nitrate is first reduced to nitrite and that this is further reduced 
to ammonia, which then reacts with non-nitrogenous acids, formed 
ultimately from carbohydrate, to give amino-acids. The latter then give 
rise to the proteins by condensation. On this view protein synthesis 
from nitrates follows essentially the reverse course of nitrification in the 
soil. 

Protein synthesis on this theory involves the following processes: 
(1) the reduction of the NO, groups to NH„ (2) the combination of the 
NH, groups- with non-nitrogen-containing groups derived from the 
sugar produced in photosynthesis to form a variety of amino-adds, and 
(8) the condensation of the amino-acids into protein. 

As regards the first process Miss Eckerson’s work on tomatoes i s 
very suggestiv e. She used plants withahigh carbohydrate /nitrogen ratio 
in which the total nitrogen content was low and which were completely 
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lacking in nitrate. After supplying such plants with nitrate, this could 
be detected in all parts of the plant within 24 hours, and within 86 hours 
all parts of the plant had considerable nitrite. There were also traces 
of ammonia which within another 12 hours had increased whereas there 
was slightly less nitrite. Five to ten days after supplying the nitrate 
only a little nitrite could be detected; a trace of ammonia, or a little 
more than a trace, could always be detected. The quantity of amino-acid 
appeared to increase for more than a fortnight. Miss Eckerson further 
found that the expressed juice from these tomato plants brought about 
the reduction of nitrate to nitrite and ammonia in slightly alkaline 
solution (pH 7-6) and in presence of glucose or fructose and oxygen. 
The reduction appeared to take place equally rapidly in light and in 
darkness. 

This work thus suggested that the course of the nitrate reduction is 
NOj — > NO a — ► NH 2 , and many workers have reported the presence of 
traces of nitrite in green plants. The work of W. Thoma s, Nightingale 
and others has shown that the reduction of nitrate to nitrite and ammonia 
is not confined to the green parts of plants but also occurs in the roots. 
In Asparagus Nightingale and Schermerhorn found that the reduction 
of nitrate took place in the fine rootlets and that, except at temperatures 
of 10° C. or lower, all the nitrate absorbed was reduced in these organs 
and so never reached the larger roots or aerial parts of the plant. At low 
temperatures the rate of reduction was slower and nitrate was then 
translocated to other parts of the plant. 

Reference has already been made to the presence of a nitrate-reducing 
enzyme in plants, and although it has been stated that this is not widely 
distributed in plants further investigation may show that it is of more 
universal occurrence than has been supposed. 

No satisfactory explanation of the reduction in the plant of nitrite 
to ammonia has so far been put forward. It has been suggested that the 
course of this reduction may take place through hydroxylamine, NH t OH, 
and Lemoigne and his collaborators have recorded the presence of this 
substance in plants, and that extracts of Syringa leaves will effect the 
reduction of nitrite to hydroxylamine. 

There is some evidence that the formation of amino-acids results 
from a reaction of some substance possessing an Nil, group, perhaps 
I hydroxylamine or ammonia, with an a-ketonic acid, that is, an acid with 
a =CO group in juxtaposition to a — COOH group, as, for example, 
pyruvic acid CH,.CO.COOH or oxalacetic acid COOH.CH,.CO.COOH. 
It is almost certain that such acids arise in the catabolic breakdown of 
sugar. D amodaran and Na ir found in leguminous seedlings a dehydro- 
genase catalysing the breakdown of an amino-acid, 1-glutamic acid, to 
ammonia and the corresponding a-ketonic acid, namely, a-ketoglutaric 
acid, and Chibnall has recorded that when leaves of perennial rye-grass 
were infiltrated with the ammonium salt of a-ketoglutaric acid, this 
disappeared and the amide, glutamine, of glutamic acid appeared. The 
synthesis of the amino-acid, glutamic acid, from a-ketoglutaric acid and 
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ammonia thus appears to result from a reversible dehydrogenase action. 
The enzyme concerned, glutamic acid dehydrogenase, requires co-enzyme (£ 
1 for its action (see p. 142). The action may take place in two stages, the * 
a-amino-acid corresponding to glutamic acid and a-ketoglutaric acid 
being formed as an intermediate product: 

COOH COOH 

I I 

CHNH, C:NH 

| + X | + XH, 

CH, CH, 

CH, CH, 

COOH COOH 

{-glutamic acid a-amino-glutaric acid 

COOH COOH 

I. I 

C:NII CO 

| + H a O ^ | + NH, 

CH, CH, 

I I 

CH, CH, 

I I 

COOH COOH 

a-amino-glutaric acid a-ketoglutaric acid 

It is possible that other amino-acids may be produced by a similar 
reaction of ammonia with other a-ketonic acids, and specific dehydro- 
genases concerned in the deamination of other amino-acids are known to 
exist in animal tissues. However, there appears to be a mechanism by 
which the amino group of one amino-acid can be transferred to a-ketonic 
acids, so that fresh amino-acids are formed. Thus Virtanen and Laine 
showed that crushed pea seedlings could effect the transfer of the 
— NH, group of the amino-acid aspartic acid to a-ketonic acids with the 
formation of the corresponding amino-acids. Thus with pyruvic acid the 
amino-acid alanine is formed. 


COOH 

1 

CHj 

COOH 

CH, 

CHNH, 

+ CO 

| 

^ CO + 

1 

CHNH, 

1 

CH, 

| 

COOH 

1 

CII 8 

COOH 

COOH 
aspartic acid 

pyruvic acid 

i:OOH 
oxalacetic acid 

alanine 


It is thus possible that the NH, of hydroxylamine or ammonia, or 
ammonium salt, produced by the reduction of nitrate, reacts in the root 
or other organ with any a-ketonic acid present and that subsequently 
other amino-acids are produced by the transfer of NH, groups to other 
a-ketonic acids. Two substances widely distributed in plants, asparagine 
and glutamine, are the respective amides of the amino-acids aspartic 
acid and glutamic acid, and Chibnall has suggested that the ammonia 
absorbed by the root system is at once condensed with one or other 
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of the a-ketonic acids oxalacetic and a-ketoglutaric, to produce these 
two amino-acids. Combination of a molecule of one of these amino-acids 
with another molecule of ammonia would result in the production of the 
corresponding amide: 


COOH 

io 

I 

CH* 


+ NH 3 + XH a 


COOH 

oxalacetic acid 


COOH 

CHNH a -f HjO + X 

CH, 

COOH 
aspartic acid 


COOH 

i 

CHNH, 

| +NH, 

CH, 

I 

COOH 

aspartic acid 


COOH 

I 

CHNH, 


CH, 
CONH, 

asparagine 


+ H.O 


The production of glutamine COOH.CH(NH,).CH,.CH,.CONH, from 
a-ketoglutaric acid occurs similarly. An enzyme, asparaginase, bringing 
about the breaking down of asparagine to aspartic acid and ammonia 
has been stated by Chibnall to occur in germinating barley. Glutaminase 
has been recognized in animal tissues and the work of Vickery, Pucher 
and Clark indicates that glutamine can be synthesized in beet roots from 
glutamic acid and ammonia. 

There is thus evidence that the synthesis of proteins from nitrate 
absorbed by the roots and carbohydrates produced in photosynthesis 
is brought about by the reduction of nitrate through nitrite to hydroxy- 
lamine and ammonia, following by amination, through the agency of 
various dehydrogenases, of a-ketonic acids produced from sugars formed 
in photosynthesis. The various amino-acids then condense together into 
proteins through the agency of proteases acting in the direction of 
synthesis. 

The synthesis of proteins in the Leguminosae presents a somewhat 
different problem, since a main source of nitrogen is here the element 
which is fixed by the bacteria of the root nodules. The same or a similar 
problem is presented by the nitrogen-fixing bacteria of the soil, Azoto- 
bacter. Several workers, including Kostychev, Winogradsky and Roberg, 
.recorded the development of ammonia in cultures of the latter, and there 
was a tendency to regard ammonia as the first product of nitrogen 
fixation by these forms. However, Roberg found that ammonia and 
amino-acids only represented a small part of the total nitrogen in their 
cultures, and the fact that the ammonia was not found in the cultures 
until after the lapse of 15 days led Burk to consider the ammonia as a 
secondary product. 

More definite information has been obtained by Virtanen, von Hausen 
and Laine in their work with Leguminosae. They grew seedlings of peas 
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and vetches in sterile culture media inoculated with the nodule bacterium 
and found that much of the nitrogen fixed by the nodules was excreted 
into the medium. Analysis of the excreted nitrogenous material showed 
that amino-N might account for 90 to 99 per cent, of the total nitrogen. 
From peas harvested during the early flowering stage half the excreted 
nitrogen was contained in Z-aspartic acid, the rest of the amino-acid was 
^-alanine. The latter, however, appeared to be a secondary product 
formed by the decarboxylation of aspartic acid: 

COOH.CHNH 1 .CH,.COOH -> CH 1 NH s .CH,.COOH. 

Not only were the nodule bacteria found capable of bringing about this 
change, but from pea plants harvested in an early stage of development 
nearly all the excreted nitrogen was found to be contained in aspartic 
acid. 

Virtanen and his co-workers thus come to the conclusion that aspartic 
acid is the first amino-acid produced by the nodules of the Leguminosae.* 
The nodule proteins contain of course other amino-acids, but these are 
not excreted. The conclusion seems justified that the nodule bacteria 
synthesize aspartic acid which is excreted from the bacteria and absorbed 
by the cells of the host plant, any excess being excreted into the medium. 

Virtanen and his collaborators also found a small quantity of an 
oxime, probably that of oxalacetic acid, present in the external medium, 
and as this oxime can serve as a source of nitrogen for free-living nodule 
bacteria it is suggested that it may be the precursor of aspartic acid. 
Further, since hydroxylamine reacts readily with oxalacetic acid which 
is found in low concentration in the tissues of the pea plant, the con- 
clusion come to by Virtanen regarding the course of protein synthesis 
in the nodules of the Leguminosae is first the production of hydro- 
xylamine from elemental nitrogen followed by the reaction of this with 
oxalacetic acid to produce the oxime of oxalacetic acid which is then 
reduced to Z-aspartic acid. This substance is then excreted from the 
bacterial cells and absorbed into the cells of the host plant where, by 
the reaction between aspartic acid and a-ketonic acids a variety of other 
amino-acids are produced. By the condensation together of a number of 
molecules of these through protease action the proteins are finally 
formed. Virtanen’s view of the formation of aspartic acid in the nodule 
bacteria is summarized thus: 


N, 


C.H^O, 

hexote 


NH a OH 

Hydroxylamine 

4- 

* COOH 

lo 


k 


H, 


COOH 
oxalacetic acid 


COOH 

<Lnoh 

<1h, 

COOH 
oxime of 
oxalacetic 
acid 


COOH 

(^HNH, 

► JjH, 

COOH 
f-aspartic acid 
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It should be noted that Virtanen’s conclusions depend very largely on 
the examination of the excretion from nodules. However, such excretion 
does not appear always to occur. Bond, working in Glasgow with different 
species of Leguminosae, soya bean, broad bean and pea, and with 
various strains of the nodule organism, consistently failed to find any 
excretion of nitrogenous material. It would seem reasonable to suppose 
that the excretion only occurs when conditions are such as to favour a 
high rate of fixation in comparison with the rate of growth of the plant. 

Yet another variant of the problem of protein synthesis is met with 
in the germination of the seed and development of the seedling. Seeds ' 
usually contain some reserve protein and some seeds, notably those of 
the Leguminosae, contain a great deal. During germination these reserve 
proteins provide material for the formation of nitrogenous substances, 
and notably the proteins of the protoplasm, in the new cells produced 
at the growing regions. The protoplasmic proteins are different from the 
reserve proteins of the seed, and it would seem likely that there must be 
a breakdown of the reserve proteins, at any rate as far as their constituent 
amino-acids, and a resynthesis of the amino-acids into fresh combinations. 

Much work on the nitrogen changes occurring during germination y 
and seedling development was done by Schulze in a series of investiga- 
tions begun in 1878 and extending dver*more tKah 30 years during which 
time his views on breakdown and synthesis of proteins in seedlings under- 
went many changes. He showed that although in the earlier stages of 
development of seedlings a considerable number of amino-acids could be 
identified, in older seedlings these mostly disappear, while asparagine, 
the amide of aspartic acid (p. 800), accumulates in considerable quantity. 
This accumulation is particularly striking in various members of the 
Leguminosae, but also occurs, though to a less extent, in other plants. 
The amide glutamine was observed to accumulate in some plants, as, 
for example, in Ricinus and Cucurbita. In Lupinus aUnts the quantity of 
asparagine in etiolated seedlings 18 days old was found to amount to 
25-7 per cent, of the dry weight. This quantity is, however, exceptionally 
high, but it appears that in general the amount of asparagine present 
cannot be explained as arising from the aspartic acid constituent of 
reserve proteins present in the seed, and it would therefore appear that 
the asparagine must arise in some other way, and that the nitrogen 
contained in it is derived from other amino-acids arising from reserve 
protein hydrolysis. These are supposed to undergo further decomposition 
with production of ammonia which then reacts with succinic acid to 
produce asparagine, although the mode of origin of the succinic acid 
from carbohydrate is not explained. The asparagine so produced is 
supposed to be an intermediate product in the formation of the proteins 
utilized in growth. In plants where glutamine is produced this is formed 
and behaves in a similar way to asparagine. The hydrolysis of the 
reserve proteins into their constituent amino-acids we may assume takes 
place by protease action in the endosperm and cotyledons. The amino- 
acids so mobilized were supposed by Schulze to travel to the growing 
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regions where the formation of asparagine and glutamine took place. 
From these amides in presence of soluble carbohydrate such as glucose 
the new protein is synthesized. If this view of Schulze’s is correct, it 
means that in the transformation of reserve protein to protoplasmic 
protein the reserve proteins are broken down to amino-acids, these are 
then deaminated and the ammonia so produced then enters into com- 
bination with organic acids formed from carbohydrate. The asparagine 
and glutamine so produced contain the nitrogen, and so serve as inter- 
mediate products in the formation of protoplasmic proteins. It must, 
however, be noted that Prianischnikov, while confirming Schulze’s 
observations on the accumulation of asparagine in germinating seed- 
lings, regarded this substance as a by-product of nitrogen metabolism, 
although one which might serve as a reserve of nitrogen, rather than as a 
general intermediate product in protein synthesis. 

The same conclusion with regard to the part played by asparagine was 
reached by Chibnall from a consideration of the information obtained 
by him on the nitrogen changes in leaves of Phaseolus multiflorus. He 
found that in leaves placed with their petioles in water there is a large 
decrease in protein nitrogen with a corresponding increase in non- 
protein nitrogen, the increase being chiefly due to asparagine and free 
amino-nitrogen. Chibnall pointed out that one of the main products of 
protein oxidation is ammonia, which, in the free state, is toxic. As 
Prianischnikov suggested, the formation of the relatively harmless 
asparagine removes this toxic substance and has the result of storing 
the nitrogen in a form in which it can be subsequently utilized. 

That the production of asparagine in leaves kept with their petioles 
in water is not simply a pathological effect resulting from abnormal 
conditions, is indicated by the fact, already mentioned, that in normal 
leaves attached to the plant the protein content increases during the day 
and decreases at night, suggesting that normally there is a continuous 
degradation of protein which is masked during the day by the excess of 
protein synthesis. 

The more recent work on the synthesis of protein from ammonium 
salts and nitrate strongly supports the view that asparagine and gluta- 
mine are not direct precursors of protein in the growing points of seed- 
lings, but are rather by-products of nitrogen metabolism. It would seem 
much more likely that the amino-acids, on translocation to the growing 
regions, either directly condense together to form new protein, or react 
with a-ketonic acids to form different amino-acids as already described 
(p. 800 ), or break down with the formation of ammonia which effects 
the amination of a-ketonic acids. 

Reference has already been made to the controversy which has 
taken place in the past regarding the seat of protein synthesis in the 
plant, and it has been suggested that the synthesis can occur anywhere 
in the plant where both the nitrogenous substances and carbohydrate 
derivates are present. Thus Nightingale, from observations on the 
nitrogen nutrition of apple trees, came to the conclusion that simple 
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proteins were synthesized in the fine roots of the trees he examined. 
Reference has already been made to his observations on the reduction 
of nitrate to nitrite in the fine roots of Asparagus. The absence of nitrate 
in the older roots and shoots appeared to be due to the reduction of this 
in the fine roots, and the subsequent formation of protein after further 
reduction of the nitrite. Should, however, the reduction not take place 
in such roots, or if it should only affect a proportion of the nitrate, the 
latter will be conducted through the plant and may eventually reach 
the leaves, where, if reduction occurs synthesis of protein may result 
through formation of amino-acids and their subsequent condensation in 
the manner already outlined. 

The protein manufactured in the leaf, like the carbohydrate, is, for 
the most part, utilized elsewhere, and so is removed away from the seat 
of synthesis. The large protein molecule is relatively immobile, with a 
low coefficient of diffusion, and consequently is converted into more 
readily diffusible substances for translocation. Here we may suppose 
that protease enzymes are active and that through the action of these 
the proteins are converted into amino-acids and asparagine, the latter 
substance being particularly significant in this respect. The observations 
of Chibnall on the change in the content of various nitrogenous sub- 
stances in leaves of Phaseolus multiflorus during the day and night bear 
out this conclusion, there being a definite fall in the protein content of 
the leaves at night. Maskell and Mason have also found that in the cotton 
plant there is an increase in nitrogen content of leaves during the day 
and a decrease during the night, which can only be accounted for on the 
view of conveyance of nitrogen away at night. 

Observations on the nitrogen metabolism of leaves made by Pearsall 
and Billimoria are of interest in this connexion. Portions of leaves of 
Narcissus pseudonarcissus were floated on solutions containing glucose 
and a source of nitrogen such as ammonium nitrate, potassium nitrate, 
ammonium chloride or ammonium tartrate. The leaves used were 
divided into four segments, the white basal meristematic segment, the 
tissue just above this, the lower part of the fully green leaf, and the 
apical segment. Analyses showed that nitrogen lost by the solution was 
not completely accounted for by the gain in nitrogen by the leaf tissue; 
indeed, the nitrogen lost in some instances amounted to two-thirds or 
more of the nitrogen absorbed, and in one instance actually exceeded the 
amount absorbed. In light absorption and loss of nitrogen were both 
considerably greater than in the dark, the effect of light being strongest 
in the apical and therefore oldest part of the leaf and least in the basal 
and youngest part. It is important to note that no loss of nitrogen 
occurred when the leaves were supplied with a purely organic source of 
nitrogen such as urea, alanine or asparagine . 1 Now protein synthesis only 
occurred in the two basal segments, while in the apical and oldest seg- 

1 Since this was written Allison and Sterling ( Plant Physiol., 23, 601-8, 1048) 
have reported their failure to find any evidence of such loss of nitrogen from 
leaves supplied with inorganic nitrogen. 
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ment protein hydrolysis might take place. It is in this segment that 
nitrogen loss is greatest and it would therefore seem likely that this loss 
is related to protein hydrolysis. 

Since the loss of nitrogen only occurs when the leaves are supplied 
with inorganic, and not with organic, nitrogen, it must be concluded 
that the losses must be involved in the conversion of inorganic to organic 
nitrogen. They suggest as a possible explanation of their results the 
reaction of nitrous acid formed by the reduction of nitrate in an acid 
medium with amino-acids which should lead to the formation of free 
nitrogen: 

HNO, + R.CH.NHj.COOH — > N, + R.CHOH.COOH + H.O 

They propose the following general scheme to represent the nitrogen 
metabolism of the tissues they examined: 

HNO, ^ HNO, ^ NH, ^ residual N 

. j ir 

N loss^ amino-N ^ protein N 

In the mobilization of protein nitrogen for translocatory purposes, 
or in the breaking down of reserve protein, there is abundant evidence 
that asparagine, and in some instances glutamine, are produced. Indeed, 
these two amides are of such widespread occurrence in plants that 
something should be written of their origin. It has already been pointed 
out that enzymes asparginase and glutaminase have been recognized 
which effect the transformations 

asparagine ^ aspartic acid + NH, 
glutamine ^ glutamic acid -f NH, 

These enzymes working in the direction of synthesis would thus 
effect the formation of the amides from their corresponding amino-acids 
and ammonia (p. 301). The amino-acids no doubt result from the 
hydrolysis of proteins by protease action and the question arises of the 
origin of the ammonia. Now it has already been shown that amino-acids 
can be formed from a-ketonic acids and ammonia by the action of specific 
dehydrases, and that the same enzymes can effect the reverse reaction, the 
deamination of the amino-acid to produce the corresponding a-ketonic 
acid and ammonia. It is now generally supposed that it is this action which 
provides the ammonia for the synthesis of asparagine and glutamine. 

According to Ruhland and Wetzel, only in some plants, which they 
designate as ‘amide’ plants, does asparagine or glutamine result from 
the deamination of amino-acids. In another group this latter process 
results in the production of ammonia and organic acids, such as malic 
acid and oxalic acid; among such plants are Begonia semperflorens and 
rhubarb (Rheum hybridum). Ruhland and Wetzel differentiate these 
‘acid’ or ‘ammonia’ plants as a distinct physiological type from the 
‘amide’ plants investigated by Boussingault, Schulze, Prianischnikov 
and Chibnall. That the organic acid present in these plants arises from 
deamination, and not in respiration as in succulents, is indicated from' 
a number of observations. Thus in Begonia-leaves the proportion of the 
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total nitrogen in the form of ammonia is 5 to 10 times that in a non- 
acid plant, and the ratio of the ‘residual’ nitrogen (that is, amino-acid 
and organic base nitrogen) to the ammonia nitrogen is low in Begonia 
(about 2 to 8) as compared with the ratio in non-acid plants (about 50). 
Amides, including asparagine and glutamine, are practically absent. 
Both the degree of deamination of amino-acids and the extent of protein 
formation run parallel with the increase in free oxalic acid. For these 
and other reasons Ruhland and Wetzel conclude that the production 
of organic acid in Begonia and other ‘ammonia’ plants is related to the 
deamination of amino-acids and the synthesis of protein from the 
ammonia so produced. In the petioles of Rheum, where acid accumu- 
lates much as it does in Begonia-leaves, the formation of oxalic acid is 
preceded by that of succinic and malic acids. Since asparagine is the 
amide of a-amino succinic acid, it would seem possible that in ‘acid’ 
plants asparagine is formed as an intermediate between storage proteins 
and the final products of deamination. It does not follow, however, that 
protein breakdown and synthesis follow the same course in all species. 

PLANT BASES 

Although proteins are no doubt the most important nitrogen com- 
pounds synthesized by plants, there are many other kinds of nitrogen 
compounds of different degrees pf complexity formed in plant metabol- 
ism. Apart from proteins and amino-acids, which, as we have seen, no 
doubt arise by the hydrolysis of proteins and are probably formed as 
intermediate products of their synthesis, the principal nitrogen com- 
pounds formed in plants are simple bases such as amines and betaines, 
purine and pyrimidine bases and the alkaloids. Another nitrogen com- 
pound of the first importance is chlorophyll, but as this has been con- 
sidered in an earlier chapter, it will not be further dealt with in this place. 

The part played by these various substances is not always clear, nor 
is their mode of formation in the plant. The simple amines which are 
sometimes found in plants include methylamine (CH,.NH t ), isobutyl- 
amine (C 4 H,.NH,) and aminoethyl alcohol (or colamine) 

CH,NH, 

CH,OH 

It is possible, though by no means certain, these arise by the splitting 
off of carbon dioxide from the related amino-acids. Thus methylamine 
might arise from glycocoll, and aminoethyl alcohol from serine: 

CHg(NH t ).COOH = CH,NH, + CO, 

CH,(OH).CH(NH,).COOH = CH,(OH).CH,(NH t ) + CO, 

Betaine occurs in many plant organs, including the root of the red 
beet. To it the formula 

O N(CH,), 

CO CH, 
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is ascribed and, like methylamine, it can be regarded as a derivative of 
glycocoll and so may possibly result from protein decomposition. While, 
like the simpler amines, its function in the plant is obscure, it may 
possibly be an intermediate in the production of the phospholipin lecithin, 
which is generally regarded as an important constituent of protoplasm. 
At any rate, the base choline which enters into the composition of 
lecithin is nearly related to betaine, its formula being given as 


HO — N;(CH,), 

CH,.CH,OH 

Since it is easily produced in the laboratory from colamine, it seems likely 
that in the plant also these two substances are connected in origin, and 
it would thus seem possible that colamine, betaine and choline are all 
involved in one metabolic process. Choline is widely distributed in 
plants, having been found in many seeds and fruits, including those of 
wheat, barley, hop, beech and coco-nut among others. 

The purine bases are derivatives of purine, a substance with a 
heterocyclic ring structure, its formula being 


N=CH 


H. 


C— NH 

i 


\CH 

W 


The principal purine bases found in plants are xanthine, caffeine or 
theine, theobromine, guanine and hypoxanthine and adenine. Of these 
xanthine occurs in the leaves of tea ( Thea sinensis), in the root of Beta, 
and in various young seedlings; caffeine in the leaves of tea, in the leaves 
and seeds of coffee ( Coffea arabica) and in some other plants; theo- 
bromine principally in the fruit of cacao ( Theobroma cacao), guanine and 
hypoxanthine in a number of young seedlings, including sycamore and 
barley, and adenine in a few plant organs such as leaves of Thea sinensis 
and of Trifolium repens. It also forms part of the molecules of coenzymcs 
1 and 2 and of the adenosine phosphates. 

The mode of origin of these substances in the plant, and their func- 
tion, are both in doubt. They may be protein decomposition products and 
either end-products of metabolism, in which case they are to be regarded 
as waste products which are not eliminated, or temporary storage sub- 
stances, forming a reserve of nitrogen. It has also been suggested that 
some of them may serve as a protection against the attacks of animals 
and fungi. On the other hand, it has also been suggested that they may 
be synthesized in the plant from carbon dioxide and ammonia. According 
to this view by the synthetic action of urease (cf. Chapter V), urea is 
produced from these two simple substances, and the purine then synthe- 
sized from two molecules of urea and one molecule of methyl glyoxal 
which, as we have seen, was hypothesized in the Neuberg scheme as an 
intermediate product of plant respiration. This synthesis may be repre- 
sented thus: 
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HN 



2NH, + CO, = HN:C/ I + H,0 

\NH. 


CH, 

+ CO + 
CHO 


NH 

\ 

C 

mC-b 


^NH, 
N= 

I 

-HC 


-CH 

i- 


-NH + 4H.O 


H 


/ 

-N 


The alkaloids are a group of nitrogen-containing basic substances 
rather difficult to define. They may be regarded as nitrogen bases of 
plant origin derived from pyridine, pyrrolidine, tropane, quinoline or 
isoquinoline. The molecules thus all involve a ring structure with the 
nitrogen forming part of the ring. They are not widely distributed in 
plants, but occur chiefly in certain families, notably in Solanaceae, 
Papaveraceae and Ranunculaceae. Among the first named, nicotine 
occurs in tobacco ( Nicotiana tabacum), atropine in deadly nightshade 
(Atropa belladonna), hyoscyamine in henbane (Hyoscyamus niger) and 
strychnine in Strychnos nux-vomica. Morphine in Papaver somniferum is 
the best-known alkaloid occurring in the Papaveraceae, while in the 
Ranunculaceae occur nigelline in the seeds of Nigella sativa, damascinine 
in those of N. damascena, delphinine, delphinoidine, delphisine, ajacine 
and ajaconine in various species of Delphinium, and aconitine in Aconitum 
napellus. Noteworthy alkaloids from other plants are quinine from the 
bark of species of Cinchona, a genus of the Rubiaceae, cocaine from the 
leaves of Erythroxylon coca, a member of the Erythroxylaceae, and 
coniine from hemlock ( Conium maculaium), one of the Umbelliferae. 

As examples of the chemical composition of alkaloids it will be suffi- 
cient here to refer to coniine, a comparatively simple pyridine alkaloid, 
and quinine, a somewhat more complex compound of the quinoline 
group. Their structural formulae as recorded by Haas and Hill are: 


CH, 

CH, ^CH, 


I 


CH, 

CH,- 


CH.(CH,),CH, 


CH CH— CHOH— CH- 
6 Y Y —OCH. 

Ah I Ah 


— CH 

CH.CH:CH t 

Ah. Ah. 

-Y 


Coniine 


Quinine 


N 
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Where they do occur the alkaloids may be present in solution in the 
vacuole, but frequently, especially in older tissues, they are present in 
the solid condition. 

Like the purines, the mode of origin of the alkaloids is obscure. On 
the one hand, it has been held that they are formed along with proteins 
under conditions favouring assimilation, and on the other that they arise 
in the disintegration of proteins, by the combination of decomposition 
products of the latter with other substances in the plant. Their function 
is also obscure, but they are most usually regarded as waste products 
of metabolism. As already noted, they are of limited distribution in the 
plant kingdom, so that no universal rdle in plant metabolism can be 
attributed to them. 
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CHAPTER XI 


TRANSLOCATION AND STORAGE 

In the unicellular plant, and in multicellular plants composed of uniform 
cells, such as many filamentous algae, every cell is, physiologically, a 
self-contained system, and movement of dissolved material from one cell 
to another is negligible. But in the vascular plant the state of affairs is 
very different. Here there are specialized organs of assimilation in which 
carbohydrates, proteins and possibly other substances are produced of 
which only a small proportion is required for the maintenance of the 
activity of the assimilatory organs themselves. The great proportion of 
the assimilates are required for the building of fresh tissues either at once 
or in the future. Hence most of the material formed as a direct or indirect 
result of photosynthesis is conveyed away from the seat of its manu- 
facture either to actively growing parts or to places where it is stored 
for future use. The actively growing parts are the apices of main and side 
shoots and roots, and, in plants with secondary growth in thickness, 
the cambium and phellogen. The places of storage are very varied. In 
annual plants the chief storage organ in general is also the organ of 
reproduction, the seed, which, when conditions for its germination are 
fulfilled, is thus provided with food material for growth until, with the 
development of assimilatory tissue and roots, it can provide for itself. 
In perennials, in a similar way, the perennating parts are usually also 
storage organs. Thus in woody plants much material is stored in the 
xylem parenchyma, medullary rays and cortex of stem and root. In 
perennials the aerial parts of which die down annually, storage takes 
place in the subterranean rhizomes, tubers, corms and bulbs; which 
generally serve also as organs of vegetative propagation. With renewal 
of growth the reserve materials are required for the production of new 
tissues, and consequently a transference of these materials must take 
place from their places of storage to the seat of growth. 

It is reasonable to suppose that for a substance to be readily trans- 
located it should be soluble in water or cell-sap, and that its molecules 
should not be too large. As we have seen in an earlier chapter, with 
increasing molecular size the coefficient of diffusion tends to decrease 
and, although the rule is by no means absolute, the penetrability of the 
molecules through the cell membranes also tends to decrease. For storage, 
on the other hand, we should expect a substance to be relatively immo- 
bile, and hence storage products are likely to be either solid, in which 
case they obviously cannot pass from the cell containing them, or, 
21 811 
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if soluble, to possess large molecules or molecular aggregates of low 
diffusivity and penetrability. Actual observations show that these suppo- 
sitions are correct. The utilization of the products of assimilation thus 
involves four processes: the translocation of nutritive substances from 
one part of the plant to another, the storage of these substances as 
reserves for future use, the mobilization of these reserves as they are 
required for growth and the building up of the material into the plant 
body. As respiration is an accompaniment of all life activity, some of the 
material is also utilized in this process. 

THE TRANSLOCATION OF ASSIMILATES 

In relatively small multicellular, but non-vascular plants, such as 
liverworts and fern prothalli, movement of manufactured food material 
must be slight since there is little differentiation of function in such 
plants. What movement of material there is in such plants will take 
place from cell to cell by diffusion. In non-vascular plants there fre- 
quently occur, however, cells more elongated than the rest, which, by 
the consequent reduction in the number of cross-walls per unit length, 
may be slightly more adapted for the movement of dissolved substances 
than are the rest of the cells. Such cells among non-vascular land plants 
reach their highest development in the stem of the gametophyte of the 
moss Polytrichum, where a rudimentary presumed conducting system of 
elongated cells is present as a cylinder occupying the middle of the stem, 
comprising a central portion of so-called hydrom which undoubtedly 
conducts water and a surrounding region of leptom, which is supposed 
to serve for the conduction of food material. It has also been supposed 
that in the larger brown algae a tissue specialized for the conduction of 
food material is developed. 

It is, however, in vascular plants that differentiation of function 
reaches its highest expression, and where, as part of this differentiation, 
tissue for conduction of material reaches its highest development in the 
elongated cells of the vascular bundles. While, as we have seen, there is 
now general agreement that the main channels of conduction of water 
are the tracheids and vessels of the xylem, there have been divergent 
views expressed as regards the conducting channels by which manu- 
factured food material is translocated, and a favourite view of the older 
writers, including Nageli, Haberlandt and Schimper, was that nitro- 
genous and non-nitrogenous food even travelled through the plant by 
separate paths. While the nitrogenous substances were supposed to move 
through the sieve-tubes of the phloem, Haberlandt in 1882 from anatom- 
ical considerations, and Schimper three years later by microchemical 
tests, concluded that sugar was transported from the leaf by way of the 
parenchymatous cells which form a sheath round the vascular bundles 
of the leaf. This view was combated in 1897 by Czapek, who considered 
that the sieve-tubes constitute the path of translocation 'of manufactured 
food in general, although sugar might travel by diffusion through the 
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cells of the bundle sheath as through any other cells of the plant. Sugar, 
indeed, appears to be generally present in sieve-tubes, often in consider- 
able quantity, and Mangham found this to be so even when it appeared 
to be absent from neighbouring tissues. The work of more recent in- 
vestigators has brought considerable support to Czapek’s view. 

The experimental determination of the path of transport of assimi- 
lates involves two methods of investigation: that of observing the results 
of ringing experiments, and chemical examination of cells and tissues. 
As explained in an earlier chapter, by ringing is meant the removal of a 
ring of tissues from the stem so that a break in certain of the more 
external tissues results at the place of ringing. In the comparatively early 
experiments of Hanstein in 1860 it was found that removal of a ring of 
the outer tissues, as far as the cambium, near the lower end of a cut 
woody twig, resulted, if the twigs were placed in water, in the production 
of adventitious roots above the ring, even when there were nodes below it, 
whereas in unringed twigs, or in only partially ringed twigs in which a 
vertical strip of the outer tissues was left intact, the roots formed at the 
lowest node. The experiment is easily repeated with twigs of willow and 
many other plants. Ringing experiments subsequently made by Lecomte 
in 1889 and Czapek in 1897 showed that in actively growing plants there 
may occur much greater vegetative development above the ring than 
below it, and that a much greater production of callus may result at the 
upper margin of the ring than at the lower. These experiments all suggest 
that the material required for growth is conveyed in the tissues external 
to the xylem, since removal of them from a short length of stem appears 
to prevent or retard the movement of substances necessary for growth 
across the ringed region. Ringing, as shown by Lecomte, can also lead 
to the accumulation of carbohydrates in the cells above the ring, thus 
indicating that these substances are included in those transported through 
the outer tissues. Later work supports these findings. Thus Curtis in 1920 
found that the removal from a defoliated stem of Philadelphus pubescens 
of a ring of tissue up to the xylem led to cessation of growth, thus indicat- 
ing that the upward movement from below of substances necessary for 
growth is also stopped by removal of outer tissues. Curtis points out that 
these substances may not only serve to provide material for new cells, 
but may also be necessary for producing the osmotic pressure in the cell- 
sap as a result of which the cells absorb water. He also found that the 
passage of carbohydrates is practically stopped by removal of a ring up 
to the cambium, and hence, although much carbohydrate is stored in the 
xylem, this is not translocated in a longitudinal direction through the 
xylem but has to be first conveyed in a radial direction to the phloem 
before it can be transported upwards or downwards. Whether the flow of 
carbohydrate is upwards or downwards must depend on a variety of 
factors, as, for example, whether the twig is leafy or defoliated, the 
position of food reserves and the place of ringing. Indications were also 
obtained of a similar state of affairs with regard to nitrogenous substances. 

In the cotton plant also, Mason and Maskell, by a long series of 
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chemical analyses, have found that ringing a stem prevents the flow of 
carbohydrates and of organic nitrogen across the region of the ring. 

Ringing experiments in themselves generally only indicate that the 
movement of manufactured food materials in stems takes place in tissues 
external to the cambium. More exact information with regard to the 
location of the conducting tracts is forthcoming from chemical investiga- 
tions of the tissues, and such investigations may be on normal unringed 
stems or, as in much of Mason and MaskelPs work, combined with ring- 
ing experiments. 

Mention has already been made of the fact that Lecomte found that 
ringing led to the accumulation of starch above the ring. He found this 
accumulation in the parenchymatous cells of cortex, phloem, medullary 
rays and even in the outer part of the pith, but not in the sieve-tubes, 
from which observation he concluded that the latter did not form the 
path of transport of carbohydrates, which he supposed moved in the 
parenchymatous tissue. Czapek, however, held the view that sugars 
were transported through the sieve-tubes, his conclusions being based 
partly on the demonstration of the presence of sugars in the sieve-tubes 
by means of microchemical tests. Mangham also, with an improved 
technique, thus demonstrated the close association of sugars with the 
sieve-tubes. 

The most definite evidence in favour of the view that the sieve-tubes 
form the conducting channels of carbohydrates is provided by the work 
of Mason and Maskell on the cotton plant. By means of chemical analyses 
of the different regions of the outer tissues they found that the quantity 
of sugars in the sieve-tubes varies markedly with variations in the supply 
of sugars to the outer tissues as a whole, whereas variations in the 
amount of sugar in the parenchyma are small. 

Mason and Masked, from their chemical analyses, were able to draw 
certain conclusions with regard to the movement of sugars through the 
cotton plant. They determined the changes of sugar concentration in 
the leaf and outer stem tissues (bark) over 24-hour periods and found 
that such changes in the leaf-sap were followed by similar changes in 
sugar concentration in the bark, while determinations of sugar concen- 
tration at different levels of the stem showed that a gradient of sugar 
concentration exists in the stem, the concentration being higher at the 
higher level. The movement of sugar through the stem thus resembles 
physical diffusion, inasmuch as the movement is -from a place of higher 
to one of lower concentration. When the normal direction of movement 
of sugar is reversed, as, for example, by removing leaves from the upper 
part of the stem and so eliminating the formation of carbohydrate in that 
region of the plant, the movement of sugar up the stem is accompanied 
by a reversal of the concentration gradient, the concentration of sugar at 
a higher level being less than that at a lower one. Also, by lessening the 
area of cross-section of the path of conduction by partial ringing, the 
rate of movement is also reduced. 

Determinations of the various carbohydrates present in different 
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parts of the leaf of the cotton plant at different times were made by 
P hillis and Mason, values being obtained for glucose, fructose, total 
hexoses, sucrose and polyglycosides. From their determinations these 
authors conclude that carbohydrate is conveyed from the assimilating 
cells to the phloem chiefly as sucrose and that it is in this form that it 
also travels through the phloem of leaf and petiole to the stem. There 
is a positive concentration gradient 1 of sucrose in the phloem of leaf and 
petiole, but the concentration of this sugar is about 10 times as great in 
the phloem of the petiole as in the assimilating cells. Since it follows from 
the existence of the positive gradient that the concentration in the 
phloem of the fine veins is higher than in that of the petiole, there must 
be a sudden change in concentration in passing from the mesophyll to 
the phloem of the bundle ends. At these bundle ends the veins contain 
a large proportion of phloem, consisting of small sieve-tubes and large 
companion cells, and undivided mother cells resembling the companion 
cells. The two latter kinds of cells are grouped together as transition cells. 
They form a large proportion of the total cross-section of the fine veins 
and it is suggested that they are the cells in which sucrose accumulates 
and from which it passes into the sieve-tubes. This supposition leads to 
another suggestion, namely, that the function of companion cells is also 
to accumulate sucrose from neighbouring parenchyma cells and pass it on 
to the accompanying sieve-tubes. The mechanism of the accumulation 
is, however, not understood. 

So far it has been mainly sugar, the transport of which has been 
considered, but it has already been pointed out that organic nitrogenous 
materials are also in all probability conveyed in the phloem. Thus 
Masked and Mason found that in the cotton plant, if a stem is ringed 
so as to remove a band of phloem, nitrogen accumulates in the stem 
above the ring and decreases below it, thus indicating that the move- 
ment of nitrogen is stopped by removal of a ring of phloem. It is signifi- 
cant that ringing does not affect the movement of inorganic nitrogen 
into the leaf, a finding which is in agreement with the generally accepted 
view that the nitrogen compounds absorbed by the root travel in the 
xylem dissolved in the water of the transpiration stream. 

The observations of Masked and Mason on the transport of nitrogen 
in the cotton plant show, however, that the nitrogen relations in the 
phloem are by no means simple. These authors found that, contrary to 
what might be expected, the vertical concentration gradient of nitrogen 
in the outer tissues of the stem is such that there is a higher concentration 
of organic crystadoidal nitrogenous compounds at a lower than at a 
higher level. With leaves and wood, however, the gradient is in the 
opposite direction, and the authors hold this to support the view that the 
gradient of mobile nitrogen in the phloem is in the direction of downward 
movement, for the mobile nitrogen in the leaves and wood of the stem 
should be in dynamic equilibrium with the mobile nitrogen in the phloem 

1 That is, the concentration is higher towards the tip of the leaf than towards 
the base. 



816 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

and other outer tissues (bark). That the gradient of total organic nitrogen 
should be in the opposite direction might be due either to chemical mask- 
ing, that is, the masking of the positive gradient of mobile nitrogenous 
substances by a negative gradient of immobile crystalloidal nitrogenous 
substances, or by regional masking, in which case the actual channel of 
nitrogen transport is limited to one part of the bark, and the positive 
gradient in this channel is masked by negative gradients of nitrogen in 
the outer tissues of the bark. But Maskell and Mason found firstly that 
there are definite negative gradients of amino-acids and asparagine in 
the bark as a whole and that these would more than account for the 
observed negative gradient of organic crystalloidal nitrogen, and secondly 
that both the total organic crystalloidal nitrogen and the asparagine and 
amino-acid fractions exhibit a steeper negative gradient in the inner part 
of the bark which contains the sieve-tubes than in the outer part which 
consists chiefly of medullary ray cells and cortex. There is a possibility 
of masking by negative gradients in the companion cells, while it is also 
possible that part of the amino-acids and asparagine in the sieve-tubes 
is not really mobile but is rendered immobile in some way, as, for instance, 
by adsorption. 

The analyses of different layers of the bark indicate that amino- 
acids and residual nitrogen (that is, crystalloidal nitrogen which is not 
accounted for by asparagine, amino-acids, nitrate and ammonia) are 
chiefly to be found in the sieve-tubes, while asparagine is present in 
highest concentration in the medullary rays, although it is also present 
in high concentration in the sieve-tubes. This suggests that organic 
nitrogen is transported chiefly as amino-acids or as the substances of 
unknown composition comprising the residual nitrogen, while asparagine 
is a storage substance. It is important to note that the positive gradient 
observed in the leaf and petiole is due chiefly to residual nitrogen and to 
a less extent to amino-acids, while the gradients of nitrate, as we should 
expect, and of asparagine, are in the reverse direction. 

That the observed negative gradient of crystalloidal nitrogen is the 
resultant of two components, a static negative gradient of storage nitro- 
gen and a dynamic positive gradient of mobile nitrogen, is supported by 
observations on defoliated stems ringed near the base. In stems subjected 
to this treatment, which has the effect of stopping translocation of 
dissolved material, there is still a marked negative gradient of crystal- 
loidal nitrogen, as well as of protein, in the outer tissues of the stem; 
indeed, the gradients are steeper than when translocation is proceeding. 
This behaviour is in marked contrast to that of the sugars, for with cessa- 
tion of movement of these substances the positive gradient of them 
disappears. 

The problem is further complicated by the fact that the conversion, 
as the result of conditional changes in the bark, of one nitrogen compound 
into another may be very rapid. By a series of analyses Maskell and 
Mason showed that such changes are brought about, for example, as a 
result of ringing, or by alterations in humidity, desiccation bringing 
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about a conversion of crystalloidal nitrogen to protein. A change in 
the reverse direction results from a decrease in sugar concentration and 
perhaps of hydrogen-ion concentration.' Since nitrogen compounds in 
the bark thus appear to be very labile it would seem that all the nitrogen 
fractions in the sieve-tubes may be involved in the translocation of nitro- 
gen through the stem, since immobile nitrogen can be transformed to 
mobile nitrogen, and vice versa, with such rapidity. 

While carbohydrates and nitrogenous substances no doubt constitute 
the bulk of manufactured food material conveyed through the stem, the 
various mineral elements enter into the composition of tissues and so 
must find their way to the growing points as well as carbohydrates 
and nitrogen. Mason and Maskell made preliminary observations on the 
transport of phosphorus, potassium and calcium on the same lines as 
their researches on the translocation of carbohydrates and nitrogen. 
They came to the general conclusion that the ash constituents ascend 
the stem in the wood, and that phosphorus and potassium at any rate, 
like carbohydrates, are translocated downwards in the phloem, although 
there is no evidence of a movement of calcium in this tissue. There 
appears to be more of the ash constituents moving downward than is 
necessary for growth, having regard to the quantities of carbohydrate 
moving downward, and this applies to nitrogen as well as potassium and 
phosphorus. It is suggested that this excess may pass back into the 
tracheae, analyses of the contents of which indicate a comparatively 
high content of ash constituents as compared with that of sugar, while 
organic nitrogen may amount to one-third of the total nitrogen present. 
Potassium, like carbohydrates, exhibits a positive vertical concentration 
gradient in the bark, and it is therefore assumed that potassium is not 
stored in this region of the stem. With phosphorus, on the other hand, 
there is in the earlier stages of development a negative gradient as with 
nitrogenous substances, and it is supposed that this is also due to storage 
as in the case of nitrogen. The negative gradient of phosphorus ulti- 
mately becomes reversed to a positive one, which suggests that during 
development the stored phosphorus is utilized and translocated away. 

It will be noticed that these observations suggest that the complex 
organic substances containing phosphorus and potassium are also manu- 
factured in the leaf, at any rate, in great part. 

Mason and Maskell were able to calculate the effective coefficient of 
diffusion of sugars through the stem. Their analyses of different levels 
of the stem provided data for calculating the concentration gradient, 
while a comparison of analyses of ringed and unringed stems at different 
times provided data of the rate of movement of the sugars. For since 
ringing stops the downward transport of sugars, the excess of sugar in 
a ringed stem above the ring over that in a similar portion of an unringed, 
but otherwise similar, stem exposed to the same conditions, can be taken 
as a measure of the rate of movement of the sugars. The calculations led 
to the surprising conclusion that the effective coefficient of diffusion of 
sugar through the phloem is about 20,000 to 40,000 times that of sucrose 
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in water, which means that the sugar travels through the phloem 20,000 
to 40,000 times as fast as it diffuses through water. 

To account for this rapid movement of sugar Curtis suggested that 
streaming of the protoplasm of the sieve-tubes is responsible, the sugar 
being conveyed by mass movement in the protoplasmic stream. 

A different mechanism to account for the rapidity of translocation 
has been hypothesized by E. Munch, according to whom also the move- 
ment of dissolved substances in the phloem is not brought about by 
diffusion, with each substance travelling more or less independently down 
its own concentration gradient, but by a mass movement of liquid. In 
Munch’s theory the assimilating tissue as a whole may be compared 
with an osmotic cell attached to a capillary tube, the phloem elements 
corresponding to the latter. If such a cell, separated from water by a 
semi-permeable membrane, develops an osmotic pressure, water will be 
drawn into the cell and its contents will be forced up the capillary. The 
rate of movement through the capillary depends, among other factors,' 
on the ratio of the area of the surface through which water is absorbed 
to the area of cross-section of the capillary, and if this ratio is large the 
rate of movement of the liquid through the capillary may be very rapid. 
On the Munch hypothesis the absorption of water from the xylem by 
the assimilating cells leads in a similar way to a mass movement of liquid 
into and through the sieve-tubes of the phloem. 

Although the phloem elements at their far end terminate in a similar 
cellular osmotic system, the mass movement of liquid will yet proceed 
towards it, provided the pressure tending to send water in at this end is 
less than that at the other. It will be observed that the theory will involve 
the movement of all dissolved substances through the phloem at the 
same rate, whereas if the movement is governed by the laws of diffusion 
each substance will move at a rate determined partly by its own coeffi- 
cient of diffusion and its own diffusion gradient. 

Munch’s theory has been criticized by O. F. Curtis and H.T. Scofield. 
These authors point out that the theory necessitates a gradient of turgor 
pressure, chiefly dependent on osmotic pressure, from the supplying and 
receiving tissues, and examined the theory from the point of view of this 
requirement. But in material of various kinds, which they examined, 
including sprouting potatoes, sprouting onion bulbs and seedlings they 
found the osmotic gradient was always in the reverse direction from that 
required by the theory and was in fact from the receiving tissues to the 
supplying tissue. On the other hand, Dixon and Gibbon measured the 
osmotic pressure of the sap exuding from punctures of the phloem of the 
ash ( Fraxinus excelsior) at different levels and found osmotic pressure 
gradients of 2*2 to 8*9 atmospheres per metre were present in the direction 
required by Munch’s theory. A gradient of osmotic pressure in the same 
direction has also been recorded by Mason and Maskell for the cotton 
plant. 

Another theory of the movement of organic substances in plants has 
been put forward by A. S. Crafts according to which translocation is 
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accomplished by a mass flow of solution through the cell-walls of the 
whole phloem, but Crafts’ work has been destructively criticized by F. C. 
Steward and J. H. Priestley mainly on the ground that the use made by 
Crafts of Poiseuille’s foriftula for the rate of flow of a fluid through a tube 
involved assumptions which would lead to quite incorrect conclusions. 

STORAGE 

It may thus be concluded that the nutritive substances out of which 
new tissue is built, and which are utilized in respiration, are manufac- 
tured mainly in the leaves and are translocated away from the leaves in 
the phloem. Some of this material will be thus conveyed direct to the 
growing tissues, while excess of it beyond that required for immediate 
activities of the plant is conveyed to places where it is stored. Such stored 
reserve material is later drawn upon for subsequent activity and it 
may be concluded that the translocatory channels for the movement of 
material from the place of storage to the place of utilization are again 
the sieve-tubes of the phloem. 

It has already been pointed out that whereas materials during their 
translocation must be relatively mobile, and so soluble in water and 
crystalloidal with molecules of comparatively small size, for storage 
these substances will be converted into others which are immobile and so 
either insoluble in water or possessed of large molecules or molecular 
complexes with perhaps colloidal characteristics. Thus carbohydrate 
which is translocated as sugar is largely stored as insoluble starch, while 
other storage carbohydrates are the complex polysaccharides known as 
hemicellulose and inulin, which with their large molecules are relatively 
indiffusiblc. On the other hand sucrose, which as we have seen is regarded 
by Mason and Maskell as the form in which carbohydrate is translocated, 
at any rate in the cotton plant, is a not infrequent storage substance, as 
in the roots of biennials such as mangold and beet (Beta vulgaris), carrot 
( Daucus carota) and parsnip (Pastinaca saliva). It may be that here the 
diffusion of the sucrose out from the storage cells is prevented by the 
relative impermeability of the cell membrane, but there is still the prob- 
lem of how the sucrose can accumulate, for if sucrose is both translocated 
and accumulated in the storage cells, such accumulation involves move- 
ment of the molecules against the concentration gradient. That such 
accumulation, either real or apparent, does actually take place in plant 
tissues there can be no doubt (cf. Chapter IV), but it may also be that in 
such plants as beet and carrot the sugars of translocation arc not sucrose 
but hexoses. 

The commonest storage substances in seeds are fats, and evidence has 
already been presented which leaves no doubt that on mobilization of 
such reserves sugars are produced, so that a transference of immobile 
fat to mobile carbohydrate is effected. 

Nitrogen is for the very great part stored as protein, the number of 
individual storage proteins being very large. Indeed, not only do different 
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species contain different storage proteins, but one species may contain 
several different proteins. Actually in a seed the protein would appear 
to consist of at least two kinds, reserve protein and active protein forming 
an essential part of the protoplasm. Thus the total protein as determined 
by chemical analysis generally consists of a mixture of the reserve protein 
or proteins and the protoplasmic proteins, and the separation of these 
different components is generally not easy. In the wheat grain, for ex- 
ample, there are, according to Osborne, at least five different proteins 
which are present in various quantities. In Table LIX these quantities 
are shown as percentages of the total weight of the grain. Of these proteins 

Table LIX 

Proteins of the Wheat Grain 

Spring Wheat Winter Wheat 
Glutenin .... 4 683 4 173 

Gliadin .... 3963 3910 

Globulin .... 0-624 0 625 

Leucosin .... 0-391 0-359 

Proteose .... 0-231 0-432 

glutenin and gliadin arc to be regarded as reserve materials, while the 
globulin, leucosin and proteose appear to be constituents of the proto- 
plasm, for whereas these latter three proteins are present in the cells of 
the embryo, glutenin and gliadin are obtained from the endosperm and 
are absent from the embryo. 

Although the same protein, or very similar proteins, may occur in 
nearly related species, these substances from all but closely related 
species as a rule differ. Thus a protein excelsin is obtained from the 
Brazil nut, while a different protein, edestin, is present in hemp seeds, 
and another, legumin, is found in a number of Lcguminosae (for example, 
Pisum sativum, Vida faba, Ervum lens). These various proteins differ 
constitutionally in the number, arrangement and kind of amino-acids 
which compose them. 

The mobilization of each reserve substance is brought about by the 
action of its appropriate enzyme as described in Chapter V. Thus starch 
is hydrolysed into glucose by the action of the diastatic enzymes, fat is 
hydrolysed by lipase into fatty-acids and glycerol, iuulin into fructose by 
the action of inulase and proteins into amino-acids by proteases. It is 
supposed that in general the formation of the storage substances from 
the mobile substances of translocation is brought about by the synthetic 
action of the same enzymes, there being evidence, as we have seen, that 
enzyme action is reversible. 

The places of storage in plants are very varied. But since the stored 
materials are chiefly required when a plant comes to renewed activity 
after a period of rest and its assimilatory function is imperfect or out of 
action, the places of storage have most frequently a definite relation to 
this necessity. For a similar reason reproductive bodies are nearly always 
also storage organs or possessed of storage organs or tissue. Thus in 
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annual plants the chief storage organs are the seeds, where reserve 
material occurs either in the cells of the embryo itself or in the endosperm 
surrounding the embryo. Similarly, in vegetative reproductive bodies, 
such as bulbs, corms and tubers, the cells are rich in stored material. In 
these, as in seeds, material for the development of new tissue is thus 
available until the new plant has provided itself with assimilatory organs. 
In perennial plants generally, there is usually a rest period which in 
temperate regions is in the winter, and in most cases the assimilatory 
organs of such plants disappear, either by the shedding of the leaves, as 
in deciduous shrubs and trees, or by the dying down of the whole sub- 
aerial portion of the plant to leave only a subterranean rhizome. In 
woody plants we thus find much storage of material in the parenchyma 
cells and medullary rays of the wood and phloem, where it is easily avail- 
able for the development of the cambium or for conduction to the growing 
points. In rhizomes, as in bulbs, corms and tubers, with which they may 
be included as perennating organs, the parenchymatous cells are usually 
very rich in stored material which is mobilized when activity is renewed 
in spring. 
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CHAPTER XII 


THE FUNCTION OF THE MINERAL CONSTITUENTS 

OF PLANTS 


THE MINERAL ELEMENTS PRESENT IN PLANTS 


Largely owing to the water culture experiments carried out by Sachs 
and by Knop about the year 1860 it was for long regarded as an estab- 
lished fact that ten elements only were essential for the nutrition and 
growth of most plants. These ten elements were carbon, hydrogen, 
oxygen, nitrogen, sulphur, phosphorus, potassium, calcium, magnesium 
and iron. It was found that plants could be grown with their roots in a 
nutrient solution containing salts involving only the last seven of these 
elements. Many nutrient solutions of slightly different composition have 
been used among which two of the most popular are those of Knop and 
von der Crone, the former of which is constituted thus: 


Calcium nitrate .... 

• 0-8 g. 

Potassium nitrate .... 

. 0 2g. 

Potassium dihydrogen phosphate 

• 0 2g. 

Magnesium phosphate 

. 0 2 g. 

Ferric phosphate .... 

. trace 

Water 

. 1000 c.c. 

,er thus: ^ 

Potassium nitrate .... 

. log. 

Calcium sulphate .... 

• 0-5 g. 

Magnesium sulphate 

. 0-5 g. 

Calcium phosphate 

. 0 25 g. 

Ferrous phosphate .... 

. 0-25 g. 

Water ...... 

. 1000 c.c. 


The hydrogen and most of the oxygen required by the plant are provided 
by water, and the carbon by the air. As a result of these water culture 
experiments it was concluded that only the ten elements noted above 
were essential constituents of all plants, but analyses of plants have 
shown that many other elements may be present in them. 

It has also been stated that calcium is not necessary for many fungi 
and for some of the simpler algae. 

The quantitative determination of the elements other than carbon, 
hydrogen, oxygen and nitrogen present in plants is generally carried out 
by burning away the organic substance when the ash, which contains 
the mineral elements, is left and analysed. This ash contains all the 
elements which, in the form of salts or their ions, were absorbed only 
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from the soil, with the exception of nitrogen. Including carbon, hydrogen, 
oxygen and nitrogen, actually some 88 elements have been identified as 
occurring in plants, although some elements such as vanadium and 
caesium appear to occur very rarely. Other elements usually regarded 
as non-essential for most plants may actually occur in considerable 
quantity in some species. Thus in plants of Equiseium maximum silica 
has been found to account for 71 per cent, of the ash, while Richardson 
found it provided 49-4 per cent, of the ash of Equisetum hyemale. It may 
also constitute 50 per cent, or more of the ash of the cereal straws. Not 
only silicon, but a number of other elements, including aluminium, 
manganese, boron and chlorine, are present in all or most plants. 

It may be that elements essential for the life of one plant are not 
essential for that of another. Certainly the amount of the different chem- 
ical elements present in plants of different species varies markedly, even 
when growing on the same soil. Analyses of plants of the same species 
growing on different soils show that the composition of the soil may 
influence considerably the relative amounts of the various mineral 
elements taken into the plant. 

Many ash analyses of plants are on record, both of lower and higher 
plants. As regards the former, it will be sufficient to give the data for a 
fungus ( Tuber cibarium), an alga ( Cladophora glomerata) and a liverwort 
(Fegatella conica) selected from a number collected by Czapek (Table LX). 
The low concentration of potassium in the ash of Cladophora may be 
noted. This is a characteristic of many water plants besides algae. 

Table LX 

Percentage Composition of the Ash of Various Plants 


Ash Constituent 

Tuber cibarium 

Cladophom 

glomerata 

Fegatella conica 

K.O . 



25-15 

035 

30 6 

Na t O 



10 

6-38 

0 4 

CaO . 



9 40 

59-18 

15-0 

MgO . 



0 20 

1-84 

8-0 

Fe,O s 



3-20 

0-53 

— 

A1,0,. 



— 

— 

33 

p.o, . 



30-25 

4 14 

7-8 

SO, . 



4 05 

13-33 

133 

SiO, . 

• 

• * 

100 

10’G0 

50 

Mn.O, 

• 

• * 

— 

— 

trace 

Cl . 

• 

• • 

0-2 

1-05 

6-4 


As an example of the amounts of the different elements in an angio- 
sperm it will be sufficient to quote the results of analyses of maize plants 
published by Latshaw and Miller in 1924. It will be noticed that their 
numbers (see Table LXI) are not comparable with those given above for 
lower plants since the numbers given for the latter represent analyses of 
ash, whereas the analyses of Latshaw and Miller give the percentage of 
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each element in the total dry matter. It will be observed that carbon and 
oxygen each account for from 41 to 46 per cent, of the total dry matter 
of the plant, leaving only about 10 to 15 per cent, for all the other ele- 
ments together. Of these it will be observed that silicon, aluminium, 
manganese and chlorine, as well as the ten elements universally accepted 

Table LX1 

Percentage of Various Elements in Total Dry Matter of Different Parts 

of Plants of Zea mais 


Element 

Leaves 

Stems 

Grain 

Cobs 

Roots 

Carbon 


41-27 

44 51 

44-72 

45-75 

42 31 

Oxygen . 


43-80 

43-90 

45-30 

45-89 

43-58 

Hydrogen 


5-80 

5-90 

0-90 

0-30 

5 72 

Nitrogen . 


1-30 

0-84 

2-15 

1-38 

1 27 

Phosphorus . 


0-207 

0-089 

0-34 

0-094 

0-120 

Potassium . 


1-48 

1 23 

042 

0-40 

0-48 

Calcium . 


0-47 

0-17 

0 025 

0022 

0-01 

Magnesium . 


0 21 

0-10 

0-20 

0 11 

0 17 

Sulphur . 


0 24 

0 10 

0 14 

0 21 

0 25 

Iron . 


0 070 

0-052 

0-043 

0 025 

0 52 

Silicon 


! 2-59 

0-42 

0-010 

1 33 

444 

Aluminium . 


i 0-074 

0-013 

0-023 

0052 

0-98 

Manganese . 


0-043 

0-017 

0 037 

0 031 

0000 

Chlorine . 

• • 

0222 

0-224 

0 033 

0-12 

0 11 


as egpential, are present throughout the plant. It will also be clear that 
the relative amounts of all the ash constituents vary considerably in the 
different organs, the variations in the percentage of calcium, sulphur, 
iron and silicon being particularly noteworthy. The low percentage of 
calcium in the fruits of maize, a condition confirmed by analyses by other 
investigators, is not general. Thus; in a number of analyses of plant 
ash by various workers, collected by Wolff, the percentage of calcium 
expressed as CaO in the ash of maize grains varied from between 0-6 
and 8*8, whereas in rape ( Brassica rapa) it varied between 10-4 and 17-8, 
while in the fruits of Lithospermum officinale Hornberger found that 
calcium oxide accounted for 59 per cent, of the total ash. Similar varia- 
tions, though not always so wide, are met with in the proportions of the 
other mineral elements. This is illustrated by the analyses of the ash of 
the leaves of two species, Fraxinus excelsior and Delphinium geyeri, the 
analyses being due respectively to Ramann and Gossner and to Heyl, 
Hepner and Loy (Table LXII). 

While there are these wide variations in the relative amounts of each 
of the mineral constituents, it may be said that of the metals potassium 
tends to be present in greater amount than the others, although some- 
times it is exceeded in amount by calcium. In leaves the amount of 
potassium expressed as K,0 generally constitutes 80 to 50 per cent, of 
the ash although lower values tend to occur in water plants, while the 
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calcium expressed as CaO varies very greatly. Percentages of lime as high 
as 66*5, 65*2 and 61*1 have been recorded in the ash of the leaves of 
Abies pectinata, Sedum album and Carpinus betulus, while in Ajuga 
replans, Briza media and Tripsacum dactyloides percentages of lime in 
the ash as low as 2*1, 2-0 and 1-64 have been found. The calcium content 

Table LXII 

Percentage of the Various Constituents of the Ash of the Leaves 

Of Two Species 


Constituent 


Fraxinus excelsior 

Delphinium geyeri 

K,0 . 


. 100 

22 42 

Na t O . 


12 

1*88 

CaO . 


. 49-6 

24 40 

MgO . 


. 10 0 

005 

Mn,0 4 


015 


FejO, . 


015 

5 36 

p,o 6 . 


707 

1 20 

SO, . 


2-08 

3 26 

SiO, . 


. . 5-50 

11-88 

Cl. . 


1-41 

0-42 


of the leaf increases with age, and this holds both for deciduous and ever- 
green plants. Thus in Robinia leaves an increase in the lime content of 
the leaves from 21 per cent, of the ash in May to 78 per cent, in September 
has been recorded. On the whole magnesium and iron are present in 
leaves in less quantity than potassium and calcium, but here again the 
amounts vary greatly, a percentage of magnesium oxide as high as 28*47 
per cent, having been observed in leaves of Solanum tuberosum and as 
low as 0*05 per cent, in Triticum repens, while as regards iron, although 
the amount of it, expressed as ferric oxide, is generally only about 1 to 
4 per cent. ; exceptionally percentages as high as 18 or 19 percent. have 
been found. 

Of other metals sodium is a general ash constituent of leaves, and 
often comprises from 1 to 8 per cent, of the ash. In some non-halophytes 
the content may be greater than this, while in halophytes the sodium 
content may rise to very high values, often 80 or 40 per cent, of the whole 
ash calculated as NaO. Aluminium and manganese also are generally 
present in appreciable quantity. 

Of the other elements of the ash, phosphorus is generally present in 
comparatively large amount, particularly in fruits. Thus in leaves 8 to 15 
per cent, of the ash can often be accounted for by PjOj, while percent- 
ages as high as 80 per cent, have been recorded. While similar variations 
occur in fruits, values for P,O s approaching 50 per cent, of the whole ash 
have been found in some instances. 

The amount of SO a in the ash of leaves is generally about 8 to 6 per 
cent., but values as low as 0*5 and as high as 18 per cent, are on record. 
Many Cruciferae possess an exceptionally high content of sulphur. 

The amount of silicon in plants is very variable, some plants possess- 
ing the merest trace, while in others silica may comprise 80 per cent, of 
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the ash. The high content of silica in some grasses and in Equiseium is 
well known, but other species also exhibit a high content of this element. 
Frequently a high content of silicon accompanies a low calcium content 
and vice versa. The actual ratio of lime to silica often depends on soil con- 
ditions, plants growing on a soil rich in lime exhibiting a higher Ca : Si 
ratio than plants of the same species growing on a soil poor in lime. But, 
as is well known, many plants only grow on soils containing a sufficiency 
of lime, while others are intolerant of even a moderate amount of caleium 
in the soil, a condition of affairs which presents plant ecology with one 
of its most outstanding, and for the most part, unsolved problems. 

Chlorine, like silicon, varies much in amount in plants, from a trace 
to about 25 per cent, of the ash, or even more, in some halophytes. 

THE TRACE ELEMENTS 

It has already been noted that the earlier experiments with water 
cultures led to the very general acceptance of the view that only ten 
elements are as a rule necessary for plant growth. Subsequent work has 
shown conclusively the inadequacy of this view.' As far back as 1905 
Bertrand had reported on the favourable effect of small quantities of 
manganese on the growth of plants, and he regarded manganese as an 
essential element for normal growth. Since then, after McHargue had 
demonstrated, by means of carefully controlled water cultures, the need 
of a number of plants for manganese, many workers have shown with a 
wide variety of species that deficiency in the supply of manganese pro- 
duces definite pathological systems and finally death, and there is now 
every reason to believe that manganese is an essential element for plant 
growth. 

v Later, in 1914, Maz6, by carefully controlled water culture experi- 
ments, showed that zinc, as well as manganese, was necessary for the 
healthy growth of maize plants, and in later experiments he considered 
that he had shown that aluminium, boron, silicon and chlorine were also 
essential for the development of normal maize plants. Subsequent re- 
search confirmed the necessity of boron for the growth of plants of many 
species, the investigations of Miss Warington, who reported in 1928 on 
the essentiality of this element for the growth of the broad bean ( Vida 
faba) and possibly also for the runner bean ( Phaseolus multiflorus) and 
scarlet clover ( Trifolium incarnatum), being followed by many others 
which have definitely established the necessity of boron for more than 
100 species. Like manganese, it seems practically certain that boron is 
an essential element for the growth of at least higher plants. 

The essentiality of zinc for many plants has now been well established, 
thanks to the work of Sommer and Lipman and many other investigators 
in America where deficiencies of this element have been shown to be 
responsible for a number of well-recognized pathological conditions of 
various species of trees. - 

Of the other elements, namely, aluminium^ silicon and chlorine, the 
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necessity for which for the growth of maize was claimed by Maz6, there 
is at present no such abundance of evidence to justify the conclusion that 
they are generally essential for growth. In 1022, Stoklasa recorded the 
results of experiments in which a number of hydrophytes were grown in 
water cultures and silica gel cultures with and without added aluminium. 
The results differed with different species, plants of Glyceria aquatica and 
Juncus effusus in cultures without aluminium dying prematurely, where- 
as plants of Polygonatum officinale and Iris bohemica appeared to grow 
normally in the cultures without aluminium. Later work by -Sommer 
in 1926 and by Lipman in 1938 showed that the growth of garden peas, 
millet and sunflower was improved in the presence of small quantities 
of aluminium and it is possible that this element may be essential for 
the growth of these and other plants. The same investigators obtained 
somewhat similar results with a few species in regard to silicon, Sommer’s 
work indicating a favourable effect of this clement on the growth of rice 
and yield of grain in millet and Lipman’s an increase of growth of sun- 
flowers and barley as a result of the addition of colloidal silicon to water 
cultures of these plants. Lipman found that garden peas reacted in much 
the same way to chlorine. 

-Later to be recognized as an essential element was copper. The first 
indications of this came from the work of Allison, Bryan and Hunter, 
published in 1927, on peat soils of the Florida Everglades. On these soils 
crop yield was greatly increased by addition of copper sulphate to the 
soil. A few years later, Sommer, and Lipman and Mackinney, by water 
culture experiments showed the necessity of copper for the growth of 
sunflower, flax and barley, and subsequent work has confirmed the essen- 
tiality of this element for plants of quite a number of species. It can be 
regarded as highly probable that copper is generally essential for the 
growth of plants. . 

, In later years evidence has been accumulating that molybdenum is 
an essential element for plant growth. The list of plants in which this has 
already been found to be so now includes tomato, duckweed, myrobalan 
plum, various members of the Leguminosae, oats and barley. The number 
of species which show pathological symptoms in absence of molybdenum 
is now large enough to suggest that this element also is to be included 
in the list of essential elements. . 

According to Steinberg gallium is essential for the growth of Lenina,, 
but there is so far no evidence to suggest that this element is a generally 
essential one. 

Not only higher plants, but the lower ones as well, have been shown 
to require in general a supply of manganese, zinc and copper, as well as 
the ordinary major nutrients with the possible exception of calcium, the 
evidence regarding which is contradictory. Indeed, the necessity of zinc 
for the development of AspergiUus niger was shown by Raulin as long 
ago as 1869. There is little evidence concerning the necessity of boron 
for the growth of fungi, although it has been reported as necessary for 
the growth of a species of JloihioreUa and also for two algae, a species of 
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ChJorella and Ulothrix tenerrima. * Steinberg has concluded that both 
molybdenum and gallium are essential for the growth of Aspergillus 
niger 

.. In addition then to the six mineral elements, potassium, calcium, 
magnesium, iron, phosphorus and sulphur, the necessity of which for 
plants has been known for nearly a century, it has to be recognized that 
manganese, zinc, copper, boron and molybdenum are essential elements 
for many, and perhaps all, plants, while there is also evidence that at 
least some plants require silicon, aluminium and chlorine. These elements 
are, however, required in very small quantity, in traces only in fact, 
and for this reason they are generally known as trace elements. They 
are also sometimes called micro-nutrients or minor elements in contrast 
to the macro-nutrients or major elements which the plant requires in 
much larger quantity.* Iron occupies a rather intermediate position 
between the two groups, for although it is required in much less quantity 
than potassium, calcium, magnesium, phosphorus and sulphur, it is 
certainly required in greater amount than manganese and the other trace 
elements. 

The failure to recognize the necessity of the trace elements for plant 
growth for so many years after the method of water culture had demon- 
strated the nature of the macro-nutrients can only be explained by sup- 
posing that a sufficiency of them was supplied to the nutrient solutions 
used for water cultures (1) in the form of impurities in the salts employed, 
(2) in solution in the water used for making up the solutions, and (3) by 
solution from the bottles or jars used to hold the solutions. Thus water 
distilled from a copper still will contain a small amount of copper, while 
various kinds of glass contain manganese, boron or zinc. These sources 
of supply may well have sufficed to provide plants grown in water culture 
with an adequate amount of the trace elements, for the actual quantities 
required are very small. Thus, while the amounts of the various trace 
elements may vary widely even in different individual plants of the same 
species, many healthy plants have been found to contain less than 20 
parts per million (p.p.m.) of manganese and less than 10 p.p.m. of copper 
calculated on a dry weight basis. Adequate concentrations of the trace 
elements in water culture solutions are very low. For example, Lipman 
and Mackinncy found that barley would grow normally and grain develop 
if the concentration of copper in the solution was between 1 in 5 million 
and 1 in 16 million. Indeed, all the trace elements exert a toxic effect in 
comparatively low concentrations. 

THE ABSORPTION OF THE MINERAL NUTRIENTS 

The mineral constituents of the plant are all absorbed, from the 
medium surrounding the absorbing organ, whether this is the photo- 
synthesizing cell of a submerged alga or the root hair attached to the root 
of a vascular plant. The laws govemingthe absorption of solutes by plant 
cells have been discussed in Chapter. IV. It was there shown that when 
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cells are placed in a salt solution two processes take place, an exchange 
of ions between the cells and the external solution and a continuous 
absorption of ions into the cells related to the metabolic activity of 
the tissue. The exchange of ions will only occur when the composition of 
the medium changes and it is the second process, the continuous absorp- 
tion of both ions, which must be regarded as responsible for providing a 
continuous supply of mineral nutrient material to the plant. As this 
depends on metabolic activity as indicated by respiration, the importance 
of a supply of oxygen for the maintenance of salt absorption will be 
readily appreciated. 

The importance of soil aeration for healthy development of plants, 
and the increased rate of growth which has been observed in water cul- 
tures of a number of plants kept constantly aerated, can thus be related 
not only to the general necessity for respiration in living cells, but also 
to the absorbing function of the root hairs. Aeration, by providing a con- 
stant supply of oxygen, enables aerobic respiration to proceed more vigor- 
ously than it would with deficient oxygen supply, and so promotes the 
most vigorous absorption of salts. 

For long there was controversy regarding the interdependence or 
otherwise of the absorption of water and salts by roots. On general prin- 
ciples it is not to be expected that the absorption of water and dissolved 
substances will bear any close relationship to one another, for the entrance 
of water will be largely determined by the difference between the osmotic 
pressure of the outer solution and the suction pressure of the absorbing 
cells, while the absorption of any dissolved substance will depend on the 
concentrations of the substance in the outer solution and in the cell 
interior, and on the metabolic activity of the cell. The movement of 
water and salts may, however, not be completely independent for meta- 
bolic activity may also be a factor in water absorption through inducing 
an electrosmotic movement of water, which may also be related to move- 
ment of inorganic ions into the cell (p. 37). The permeability of the cell 
membranes to water and to dissolved substances must also influence the 
relative rates at which water and various solutes are absorbed. In the 
extreme case of a solute to which the cell membranes are completely 
impermeable water will be absorbed, but no solute. It is at least clear 
that the soil solution or other external solution is not absorbed as such 
by the absorbing cells. 

The rate of water absorption by the roots of a vascular land plant 
will be largely determined by the rate of transpiration of water from the 
leaves; the more rapid the transpiration the more rapid is the movement 
of water from the absorbing cells of the root to the conducting cells of 
the xylem and so the higher the suction pressure. Actually, many attempts 
have been made experimentally to determine the relationship between 
water uptake or transpiration t ate and salt uptake, with varying results. 
Thus when tobacco plants were grown under different conditions for 
transpiration, Hasselbring in 1914 found that actually more ash was 
present in the plants which had absorbed less water. This lack of any 
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proportionality between water absorption and salt intake has been found 
also for a number of cereals by other workers. More recently a number 
of investigators have reported that enhanced transpiration leads to an 
increased rate of salt absorption. Broyer and Hoagland, working with 
young barley plants, have emphasized the importance of the metabolic 
'activity of the roots in determining the relationship between salt uptake 
and water absorption. With metabolically active plants, that is, plants 
with a high sugar and low salt content, salt absorption was found to be 
practically independent of transpiration rate, whereas salt absorption 
by roots which had a higher salt content and lower sugar content was 
much more affected by transpiration rate. However, as the changes in 
transpiration rate were brought about by altering the light and humidity, 
photosynthesis or other metabolic activities would also undergo changes 
and so might be ultimate factors in altering rate of salt intake. Broyer 
an d Hoagland conclude that although it may be possible so to arrange 
conditions that with increased water absorption there is also increased 
salt absorption, there is no dependence of salt absorption on either water 
absorption or transpiration. 

Most of the critical work of recent years concerned with the actual 
absorption of ions has dealt with single salts. Under natural conditions, 
on the other hand, the absorbing organs of a plant are in contact with a 
solution containing a considerable number of different cations and anions. 
Earlier work with tissue exposed to solutions containing more than one 
salt, to which reference has been made in an earlier chapter, indicate 
that the presence of a second salt influences the rate of absorption of the 
ions of another. The phenomenon of antagonism between ions in their 
absorption by plants, and the conception of balanced solutions, accord- 
ing to which maximum growth, or longevity, resulted when the medium 
in which plants are growing is provided with essential ions in certain 
proportions, were recognized more than 40 years ago. 


THE UTILIZATION OF THE MINERAL ELEMENTS IN THE 

PLANT 

The inorganic ions absorbed by the root And their way to various and 
remote parts of the plant, as analyses of different plant organs show. The 
mechanism of this transference must in part be similar to that by which 
the ions enter the cell, but no doubt a certain amount, perhaps a very 
considerable amount of some elements, is carried in the transpiration 
stream in the xylem. This is certainly indicated by the accumulation of 
calcium salts in the leaves to which attention has already been called. 
Further, the observations of Mason and Maskell, to which reference has 
been made in the last chapter, indicate that potassium and phosphorus 
are brought to the leaves in the transpiration stream and are then trans- 
located away in the phloem-. The failure of Mason and Maskell to find 
evidence of movement of calcium away from the leaves f»ll« into line 
with the observed accumulation of that element in the leaves. . 
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As already indicated in this chapter, not all the elements absorbed 
are necessary for the plant, and even in the case of essential elements it 
does not follow that the whole amount absorbed is actually utilized. The 
absorbed elements may be directly employed for manufacture of cell- 
wall material, or protoplasm, or they may accumulate in the vacuole 
(cf. Chapter IV) and so provide the necessary concentration of solutes 
for producing the osmotic pressure exerted by the cell. Much work has 
been done during the last half-century on the effects of varying the abso- 
lute and relative concentrations of the major nutrients on the develop- 
ment of plants and on crop yield, and these make it plain that various 
characteristics of growth are influenced by the relative levels at which the 
different mineral nutrients are supplied. Undoubtedly there are inter- 
actions between the various mineral nutrients in the plant, but what 
these are remain largely conjectural. One, or more than one, of the essen- 
tial elements may be required for the utilization of another and so defici- 
ency of one element may lead to the accumulation of others in active 
form. Often such deficiency results in the total amounts of others becom- 
ing excessive. Sometimes such accumulation may be so great that these 
nutrients are in toxic concentration and produce pathological effects. 
For this reason symptoms of deficiency of a nutrient may not always be 
the primary ones resulting purely from an insufficiency of the element, 
but secondary ones resulting from a toxic excess of other elements. 
Instances of this are mentioned in the following paragraphs dealing with 
the actual functions of the individual mineral elements. 

Potassium. Examination by microchemical tests and chemical analyses 
of the distribution of potassium in plants indicates that mcristematic 
tissues are particularly rich in this clement, but it is stated to be absent 
from nucleus and plastids, although it appears to be plentiful at or near 
the surface of these bodies. Thus it would appear that potassium is essen- 
tially a constituent of the cytoplasm. 

Quite a considerable number of observations have been made on the 
effect of potassium starvation on plants, and from these observations 
conclusions have been drawn regarding the function of potassium. Short- 
age of potassium often results in some form of damage to the leaves. Thus 
those of apple and some other fruit trees exhibit the condition known as 
‘leaf scorch’, in which there is an appearance resembling partial withering 
owing to deficient water content. A low water content of leaves of plants 
deficient in potassium has been recorded in other plants, but some workers 
have recorded the reverse. It has generally been concluded that shortage 
of potassium leads to a reduction in photosynthetic activity, a result 
particularly emphasized by Stoklasa. Thus, in 1916, in collaboration with 
MatouSek, he recorded that the leaves of sugar-beet plants growing in a 
complete nutrient solution photosynthesized more than three times as 
rapidly as the leaves of similar plants growing in a solution without 
potassium, but otherwise similar. This effect of potassium has been well 
established by a number of other workers during the last 80 years, but 
it may be noted that Briggs found a similar reduction in the rate of 
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photosynthesis as a result of deficiency in magnesium, iron or phosphorus 
as well as of potassium. Other effects of potassium shortage have been 
described, but these appear to be different in different species. Thus Miss 
Hartt in 1929 mentioned deficient development of chlorophyll as one of 
the effects of potassium starvation in the sugar cane, but observations by 
Reed on moss protoncma and by Janssen and Bartholomew and by 
Nightingale, Schermerhorn and Robbins on tomatoes indicate that in 
these plants, when they are deprived of potassium, the chloroplasts 
develop at least as much chlorophyll as those of plants with an adequate 
supply of this element. It appears impossible, therefore, to ascribe the 
influence of potassium on photosynthesis to any general effect on the 
development of chlorophyll. 

More recently Chapman and Brown have described the effects of 
potassium deficiency in species of Citrus. Early symptoms of this defici- 
ency are, as well as lessened growth, a reduction in leaf production and 
a change in the appearance of the leaves, which become somewhat 
bronzed and lustreless. Later the leaves exhibit twisting and crinkling, 
but the marginal leaf scorch, characteristic of potassium-deficient apple 
trees, is absent. In the potassium-deficient plants there was some accu- 
mulation of calcium, sodium, magnesium and nitrogen, but not of sulphur, 
chlorine or phosphorus. In potassium-deficient lemon cuttings boron 
accumulated in sufficient excess for the leaves to exhibit typical symp- 
toms of boron toxicity. Long and careful investigations on the mineral 
nutrition of barley by Gregory, Richards and their co-workers have also 
led Richards to the conclusion that the variety of symptoms exhibited 
by potassium deficient plants is to be attributed to accumulation of other 
ions in quantities sufficient to exert a toxic effect. 

A favourite view of the function of potassium in the plant is that 
it acts as a catalyst. James has pointed out that Briggs had already 
shown that potassium shortage affected both the photochemical and dark 
stages of photosynthesis while that starch formation is furthered by 
potassium had been shown by Reed for moss protonema, by Briggs for 
sunflower seedlings and for the potato plant by Maskell. James himself 
concluded from these results and his own investigations on the potato 
plant that one important effect of potassium on leaves is to further 
catalytic activity in each of the three processes leading to starch forma- 
tion mentioned at the beginning of this paragraph, while James and Miss 
Cattle actually showed that the rate of breakdown of starch by potato 
diastase was accelerated by 5 per cent, potassium chloride. 

In spite of the lowered rate of photosynthesis in plants suffering 
from potassium starvation, there has several times been observed an 
accumulation of carbohydrate in such plants. This has been attributed 
by Nightingale, Schermerhorn and Robbins to retardation of the earlier 
stages of nitrogen metabolism, with the result that carbohydrate which 
would normally be involved in the synthesis of organic nitrogen com- 
pounds remains unutilized. Janssen and Bartholomew, and Nightingale 
and his collaborators agree that potassium is essential for cell division 



FUNCTION OF THE MINERAL CONSTITUENTS OF PLANTS 338 


and the latter writers suggest that the reason for this may be that 
potassium is necessary for the synthesis of the proteins of meristematic 
material, a conclusion which falls into line with the observed com- 
paratively high concentration of potassium in meristematic tissues. 

Another function attributed to potassium in grasses is that it affects in 
some way the mechanical strength of the straw by leading to an increase 
in the amount of the strengthening tissues and in the strengthening 
quality of the cell-walls. 

The evidence derived from chemical analysis of plant tissues indicates 
that the potassium is in a soluble and principally inorganic form. In some 
plants it appears, indeed, to exist in the cell-sap in so high a concentra- 
tion in the form of simple salts as to play an important part in the 
maintenance of cell turgor (cf. p. 36). 

Calcium. Although various suggestions have been made regarding the 
function of calcium in plants, the part played by this element in the life 
of the plant is no clearer than the part played by potassium. The theory 
of Schimper was at one time popular, though it appears to meet with 
little support at the present time. On this view it is pointed out that 
oxalic acid is produced in many plants, perhaps as a by-product in the 
formation of proteins. It was supposed that calcium combined with this 
oxalic acid to form calcium oxalate which, being insoluble, was thus 
removed from any active participation in cell activities. In this way the 
poisonous effect of the oxalic acid was removed. The objections to this 
theory are that oxalic acid docs not appear to be formed in some plants 
to which, all the same, calcium is necessary, while oxalic acid does not 
appear to be a very strong poison to some plants, which will, indeed, 
grow in nutrient solutions in which the calcium is provided in the form 
of oxalate. It may, however, be that in some plants calcium does serve 
to neutralize acids formed during certain phases of plant metabolism. 
Thus in 1920 Kelley and Cummins found that in Citrus trees (orange, 
lemon and grape-fruit) suffering from calcium starvation a mottling of 
the leaves was associated with a higher acid content a?id a lower calcium 
content than were found in normal leaves. Although the mottled leaves 
contain a higher total content of acid than normal leaves, the hydrogen- 
ion concentration is about the same, which indicates that excess of 
acid in the mottled leaves is non-ionized and hence attributable to some 
little-dissociated organic acids. Parker and Truog, also m 1920, pointed 
out that in a series of 84 plant species the nitrogen content and calcium 
content ran parallel, and they saw in this fact evidence of the acid- 
neutralizing function of calcium. It was argued that if acids are formed as 
a by-product of nitrogen metabolism, the higher the nitrogen content 
of the plant the more organic acid is formed and hence the more calcium 
necessary to neutralize the acid. That the calcium content should be 
higher under such conditions would presumably be explained on the 
ground that the greater utilization of the element would result in a steeper 
concentration gradient and so in a more rapid absorption. That there is 
indeed* some connexion between nitrogen metabolism and calcium is 
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indicated in work by Nightingale and his collaborators, who found that 
tomato plants suffering from calcium starvation were unable to absorb or 
utilize nitrates to any appreciable extent. On the acid-neutralization 
theory this could be explained by supposing that under conditions of 
calcium starvation acids accumulate in the plant and inhibit the ndrmal 
processes involved in nitrogen metabolism. But other explanations are 
possible. 

Parker and Truog regarded calcium as playing two parts in the life 
of the plant, that of an acid-neutralizer as we have seen, and that of a 
constituent of certain plant proteins, thus accepting the view advanced 
by Loew in 1908. In this connexion it is worth noting that Chibnall and 
Channon in 1929 found calcium phosphatides present in leaf cytoplasm. 
Loew, it may be noted, thought that the calcium protein compounds 
were essential constituents of the nucleus and plastids, and Sorokin and 
Sommer, from observations on mcristcmatic cells in roots of calcium- 
starved plants of Pisum sativum, found that shortage of calcium results 
in a decrease in the amount of cytoplasm and a failure of the nuclei to 
divide mitotically. There is thus some evidence to suggest that calcium 
forms an essential part of the protoplasm, although it may be noted that 
in the plants examined by Reed in 1907 the nuclei divided mitotically in 
calcium-deficient plants. 

It has been mentioned in Chapter II that one of the views of the com- 
position of the middle lamella of the cell-wall is that it is made of calcium 
pectate, and holders of this view would sec in this one function of cal- 
cium in the plant. In support of this can be cited Reed’s observation that 
in plants deprived of a supply of calcium new cell-walls are either not 
formed or are abnormal, but Sorokin and Sommer in their work cited 
above could find no indication in calcium-starved plants of separation of 
cell- walls owing to the breaking down of the middle lamella or its failure 
to form, and the same conclusion was drawn by Day who also examined 
the effect of calcium starvation in roots of Pisum sativum. 

Magnesium. One function of magnesium in green plants is obvious, 
since this element enters into the composition of the chlorophyll mole- • 
cule. It seems likely, however, that magnesium plays some other essential 
part in the life of the plant, for it appears to be necessary for non-green, 
as well as green, plants. It has been suggested that magnesium is con- 
nected in some way with phosphorus metabolism, since there is some 
evidence that higher magnesium contents are characteristic of those 
parts of the plant where higher phosphorus contents also occur, as, for 
example, the seeds and root and shoot apices. According to Loew, the 
content of magnesium in seeds storing fat is much higher than in those 
storing starch. Thus it has been thought that magnesium may be con- 
cerned in some way in the formation of lipoid substances containing 
phosphorus, the phospholipines, which undoubtedly form an important 
part of protoplasm. The evidence, and views based on the evidence are, 
however, rather vague. 

Iron. Although not entering into the composition of chlorophyll, a 
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small quantity of iron is necessary for the production of the green pig- 
ment, and when grown in absence of this element the shoots of normally 
green plants are pale yellow in colour and exhibit the condition known 
as chlorosis. It is most generally thought that iron acts as a catalyst in a 
number of reactions in the plant, including some of the reactions leading 
up to the production of chlorophyll, while Warburg regarded iron com- 
pounds as functioning in this way in aerobic respiration. Lundegardh 
also considers iron is concerned as a catalyst in the ground or funda- 
mental respiration of the cell; that is, the component of respiration not 
related to the absorption of salts. It is certainly true that only a small 
quantity of iron is necessary for the healthy development of the plant. 
Little, however, is really known of the actions in which iron actually 
participates in plant metabolism. 

Manganese. The very small quantity of manganese required by plants 
suggests that its action is that of a catalyst. It has generally been sup- 
posed that manganese is in some way involved in oxidations. As long ago 
as 1897 Bertrand decided that manganese was necessary for the action 
of the oxidizing enzyme laccase. In more recent years Lundegardh has 
attributed to this element a r61e in that component of the respiration 
which he calls anion respiration (p. 168 ). 

Several investigators have considered the action of manganese in the 
plant to be intimately related to that of iron. Hopkins, for example, as 
a result of work with Chlorella, and Somers and Shive, from work with 
soya bean, have concluded that manganese effects the oxidation of mobile 
ferrous iron to insoluble ferric iron. Hence if manganese is deficient in the 
plant active ferrous ions may be in a concentration high enough to be 
toxic. On the other hand if manganese is in excess there may result a 
deficiency of active iron. On this view a function of manganese is thus to 
control the concentration in the plant of active iron. There seems little 
doubt that the ratio of iron to manganese in the plant is important. 

Deficiency of manganese produces well-defined symptoms, one of the 
most universal of which is the development of small chlorotic patches 
between the veins of the leaves. The grey stripe disease of oats and other 
cereals characterized by the presence of intervenal chlorotic streaks in 
the leaves, the marsh spot disease of peas in which the inner surface of 
the cotyledons develop brown or black spots, and the condition of sugar 
beet known as speckled yellows on account of the mottled appearance 
of the leaves are well known instances of the effect of manganese defici- 
ency. How the deficiency produces these symptoms is not yet under- 
stood. It is, however, not surprising that it has been suggested that a 
function of manganese in green plants is concerned with chlorophyll 
formation. If this should be so, it cannot be the only function of man- 
ganese since it has been shown without doubt that manganese is essential 
for the non-chlorophyllous fungi. 

Zinc. Deficiency of zinc, like that of manganese, usually produces an 
intervenal chlorosis which may be followed by failure of the terminal 
buds to develop normally, the leaves as they appear being small and 
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misshapen. With failure of the terminal buds to develop there may follow 
in trees the development of lateral buds separated by only short inter- 
nodes so that the appearance aptly described as ‘resetting’ results. In 
maize, zinc deficiency results in the condition known as ‘white bud’ in 
which the young leaves as they unfold are completely chlorotic. 

Cytological examination of the leaves of zinc-deficient plants indi- 
cates a considerable disturbance in the metabolism, there apparently 
resulting an accumulation of phenolic compounds and fatty material, the 
latter at the expense of carbohydrate. There is also evidence that differ- 
entiation of cells is retarded and other changes in cell form may result, 
such as hypertrophy or atrophy. Reed and Dufrenoy considered that 
zinc is concerned with oxidation processes in the cell, particularly those 
where sulphydryl compounds such as cysteine are concerned, and the 
fatty and phenolic substances in the cells of zinc-deficient leaves they 
interpret as sub-oxidized products of carbohydrates and proteins, the 
normal oxidation of these being affected by the absence of zinc. 

At least one enzyme is known into the composition of which zinc 
enters. This is carbonic anhydrase, which catalyses the action H 2 C0 3 
^ CO* + II 2 0. This enzyme was reported by Neish fts present in the 
chloroplasts and cytoplasm of leaves. Its action and presence in the 
chloroplast would indicate that it may function in photosynthesis while 
its presence in the cytoplasm suggests that it probably also functions 
in effecting the speedy release of respiratory carbon dioxide. 

Copper. Deficiency of copper is known to induce chlorosis in cereals 
and other crop plants, the chlorosis first appearing in the tips of the 
leaves on account of which the condition is known as ‘yellow tip’. It has 
also been called ‘reclamation disease’ because it occurs on reclaimed 
heaths and moors in various parts of Europe. Copper deficiency also 
affects fruit trees in various parts of the world. In these plants chlorosis 
of the leaves may be followed by failure of the terminal bud to develop, 
by rosetting and dying back of the branches as with zinc deficiency. 

It is now well established that the widely distributed oxidizing enzyme 
catechol oxidase is a copper compound, and copper may enter into 
the composition of other oxidizing enzymes, such as ascorbic acid 
oxidase. 

Molybdenum. Although evidence is increasing which suggests that 
molybdenum may be an essential constituent of plants there is at present 
little clue to its function beyond the fact that as so little of it is needed 
for a plant it probably acts as a catalyst. Like zinc and copper, it may 
perhaps enter into the composition of some enzyme. As with most trace 
element deficiencies, the first sign of molybdenum deficiency is usually 
in tihe leaves which develop chlorotic or necrotic areas. 

Sodium. Although sometimes present in considerable quantity this 
element is not regarded as essential for the growth of most plants, but 
Osterhout in 1912 found it was necessary for a number of marine algae, 
since replacement of the sodium chloride of sea-water by some other 
compound not containing sodium always led to injury of the plants. 



FUNCTION OF THE MINERAL CONSTITUENTS OF PLANTS 337 

What its particular function is in these plants is not clear. From 
experiments with various species of flowering plants, experiments mostly 
concerned with crop yield under various conditions of mineral nutrient 
supply, it appears that sodium can partly, but not wholly, replace potas- 
sium as a nutrient, since the lowering of the amount of dry matter pro- 
duced in a crop on account df shortage of potassium can be partially 
made good by the addition of a sodium salt. While our knowledge of the 
part played by potassium in plant metabolism is as slight as it is at 
present, it is obviously not possible to say in what way sodium can 
replace potassium in the plant. 

Phosphorus. It has already been mentioned that the concentration 
of phosphorus in plants is particularly high in fruits and seeds. This is 
partly accounted for by the high concentration of this element in all 
meristematic, including embryonic, cells, due to their high content of 
protoplasm. As already noted, complex phosphorus-containing lipoid 
substances such as lecithin and other lecithides or phospholipincs enter 
into the composition of protoplasm, while the nuclcoproteins, which, as 
mentioned in an earlier chapter, contain phosphorus, are also supposed 
to be constant constituents of the cytoplasm and nucleus. 

As pointed out in Chapter VI phosphorus compounds are regarded 
as playing a leading part in the catabolic breakdown of carbohydrates. 
In this, a second universal function of phosphorus in plant cells is 
indicated. 

Other functions of phosphorus in the plant have also been suggested, 
particularly in relation to nitrogen metabolism. Thus both MacGillivray 
and Kraybill found that tomato plants suffering from a shortage of phos- 
phorus contained an abnormally high proportion of nitrogen, but that 
this was due to soluble nitrogen compounds such as amide nitrogen, 
amino nitrogen and ammonia nitrogen, whereas protein nitrogen was less 
than normal, whence it seems possible that phosphorus may play some 
part in one or other of the processes leading to protein formation. 

Sulphur. This element is a constituent of plant proteins which contain 
the amino-acid cystine (cf. p. 297). As the amount of this amino-acid in 
different proteins varies considerably so does the proportion of sulphur 
in the protein. In proteins containing much cystine, sulphur may com- 
prise as much as 7 per cent, of the molecule, whereas in others it may 
amount to considerably less than 0-01 per cent, of the protein. Sulphur 
is thus an essential element since it forms part of the molecules of proto- 
plasmic proteins. 

In 1982 Nightingale, Schermerhorn and Robbins recorded that tomato 
plants grown in a medium without sulphate possessed yellowish-green 
leaves, hard and woody stems and extensive roots, although the diam- 
eters of both roots and stems were abnormally small. They point out, 
however, that all these characteristics are exhibited by tomato plants 
starved of nitrogen, phosphorus or potassium, while the fact that the 
plants deficient in sulphur had abnormally high percentages of carbohy- 
drates and nitrate, indicates that, as with phosphorus, deficiency of 
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sulphur retards the processes leading to protein formation. Since sulphur 
enters into the composition of plant proteins this is to be expected. 

The failure of sulphur-starved plants to produce an adequate supply 
of chlorophyll had also been noted by a number of earlier workers and 
the conclusion drawn that sulphur is connected in some way with chloro- 
phyll formation. The relation may be an iftdirect one, and it may be that 
the formation of chlorophyll is linked in some unknown way with protein 
formation. 

In Leguminosae, sulphur, both in elemental form and as sulphate, 
has been found to bring about an increase in the number of root tubercles. 
The mode of action of the sulphur is not known, but the indication is that 
it brings about an increase in the number of the bacteria inhabiting the 
tubercles. 

As already noted, some members of the Cruciferac, particularly species 
of Brassica, contain relatively large quantities of sulphur. The same is so 
with species of Allium among the Liliaceac. In these plants the sulphur is 
contained in glycosides such as sinigrin (p. 126), a condensation product 
of glucose, oil of mustard (allyl thiocyanate) and potassium hydrogen 
sulphate. The significance of the formation of this type of glycoside is 
not evident. 

Silicon. Although as we have seen earlier in this chapter the ash of 
some plants contains a very large proportion of silica, numerous water 
culture experiments have made it clear that silicon is either a non-essential 
element or is required in only very small quantities. 

At one time it was thought that the silicon present in the stems of 
Equisclum and various grasses aided in the maintenance of the rigidity 
of these organs, but it now appears that these stems are as rigid when 
grown without silicon as when containing a high percentage of it. 

According to Palladin, although silicon is not essential for plants 
grown in the laboratory, it may be necessary for plants grown under 
natural conditions, where it serves the purpose of protecting them from 
the attacks of fungi, the hyphae of which cannot readily penetrate cell 
walls containing much silica, and of animal parasites such as aphides 
as well. 

Experiments carried out at Rothamsted over more than 40 years 
have shown that the addition of silicates to the soil has the effect of 
increasing the yield of plants supplied with only a little phosphorus, and 
this result has been confirmed by other workers. Brenchley, Maskell and 
Warington suggest that this effect is not due to a replacement of phos- 
phorus by silicon but that it results from an action within the plant 
which has the effect of rendering mobile phosphorus which is otherwise 
immobile and so rendering it available for translocation to regions of 
active development. 

Boron. Plants of so many different species have now been shown to 
require boron for their normal development that the assumption that 
this element is essential for the growth of all higher plants is a reasonable 
one. The matter is not yet so clear where fungi are concerned. 
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Whereas the first sign of deficiency of manganese, zinc or copper is 
quite often a partial chlorosis of the leaves, boron deficiency very fre- 
quently brings about a disintegration of the tissues, particularly those 
composed of thin-walled cells, such as phloem and ground tissue. The 
disintegration of the cells is frequently preceded by their hypertrophy. 
Xylem development may be poor and its elements may also disintegrate. 

Several functions have been ascribed to boron. Thus it has been sug- 
gested that it affects the water-absorbing capacity of the protoplasm. In 
favour of this idea is the frequent occurrence of hypertrophy of cells in 
boron-deficient plants, while Schmucker observed that pollen grains of a 
number of tropical water-lilies and other species when placed in nectar 
from the flower or in a sugar solution of the same osmotic concentration 
containing a little boric acid (0-001 or 0-01 per cent.) germinated nor- 
mally, whereas when placed in sugar solution of the same concentration 
but without boric acid, they absorbed water rapidly and burst. 

It was suggested by Rehm that boron furthers absorption of cations 
and retards that of anions. This conclusion was based on experiments 
made on the absorption by plants of Impatiens balsamina of the ions of 
various salts in presence and absence of boron. Rehm’s published data 
on the whole supported his conclusion, but so far they appear to lack 
either confirmation or the reverse. 

A more favoured view of the r61e of boron in plants is that it is closely 
concerned with the absorption or utilization of calcium. Miss Brenchley 
and Miss Warington in 1927 found that plants of Vida faba provided 
with a very small supply of calcium and no boron grew feebly, the leaves 
being small and blackening and the stems finally blackening at the apices 
and dying back. These are regarded as secondary symptoms of calcium 
deficiency resulting from excess of other mineral nutrients, and it is to be 
noted that they did not occur to anything like the same extent in cul- 
tures provided with the same amount of calcium but with boric acid as 
well. The results are interpreted as indicating the necessity for boron in 
the absorption or utilization of calcium. Later Miss Warington deter- 
mined the amount of calcium absorbed by Vida faba plants ’grown in 
cultures with and without boron, and found a very considerable increase 
in calcium uptake resulted from the presence of boron. Thus with plants 
grown for 9 weeks in solutions renewed fortnightly the calcium absorbed 
per plant amounted to 50-9 mg. in the plants provided with boron and 
only 15-6 mg. in the plants without boron. Later Minarik and Shive 
found the amount of calcium in the leaves of soya beans increased from 
2*6 to 4*5 mg. per gram of fresh weight as the concentration of boron in 
the culture medium increased from zero to 0-05 p.p.m. The fresh weight 
of the leaves also increased. With further increase in the concentration 
of the boron supplied both the fresh weight of the leaves and their 
calcium content steadily declined. 

A number of other observers have failed to find any relation between 
calcium content and boron supply. However, Marsh and Shive have 
shown that in maize the total calcium content of the shoot expressed as 
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mg. per gram of dry matter is not affected by the concentration of the 
boron supplied. On the other hand the amount of soluble calcium in the 
plant is closely related to the concentration of boron in the medium, and 
it is to be supposed that it is the soluble calcium which is metabolically 
active. 

From the work of Shive and his collaborators it would appear that 
both the calcium and boron contents of Vida f aba are much higher than 
those of Zea mais, but that in the latter practically all the boron is in 
solution whereas in the broad bean only a fraction of it is. How far these 
differences are characteristic of dicotyledons and monocotyledons, as 
Shive seems to suggest, remains to be seen. 

In experiments with tomatoes carried out by Reeve and Shive boron 
did not appear to have any furthering effect on the absorption of calcium. 
Indeed, when the supply of boron was at a low level an increase in the 
concentration of calcium in the medium accentuated the symptoms of 
boron deficiency, and, in line with this, if the supply of boron was at such 
a high level as to produce symptoms of boron toxicity, increasing the 
calcium supply reduced these symptoms, this going along with a reduc- 
tion in the concentration of both total and soluble boron in the plants, 
although at the lower levels of boron supply, the calcium concentration 
of the medium appeared to be without effect on the boron absorption. 
It would seem reasonable to conclude that while there is some connexion 
V between boron and calcium in plants the nature of this connexion is far 
from being settled. 

Moreover, there is evidence from the' work of Reeve and Shive with 
tomatoes of a connexion between boron and potassium. Here, as in their 
work with boron and calcium, they found that in cultures supplied with 
boron at a low level increasing the potassium supply brought about an 
increase in the symptoms of boron deficiency. At high levels of boron 
supply, however, increasing the concentration of the potassium supplied 
also increased the symptoms of boron toxicity. The relations between 
boron and potassium are thus in part different from those between boron 
and calcium. 

It has also been suggested that boron plays a part in carbohydrate 
and fat metabolism. Microchemical tests carried out by Marsh and Shive 
on the apical meristem of maize plants indicated that reducing the supply 
of boron increased the quantity of fat at the expense of pectin. The 
breaking down of cell walls which may occur in boron deficient plants 
might be due to an inadequate amount of pectin. Also Wadleigh and 
Shive have recorded the accumulation of sugars and ammonia nitrogen 
in cotton plants, an observation suggesting to them that boron deficiency 
leads to slower oxidation of sugars and slower amination of sugar deriva- 
„ tives with a consequent lessening in the formation of protein constituents 
of protoplasm. 

Chlorine. Although chlorine is generally present in plants, there is 
little critical work apart from that of Maz£ and Lipman to which refer- 
ence has been made earlier, to suggest that it is an essential element for 
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plant growth in general, although it is possible that further work may 
show the necessity for chlorine for other species. 

The chlorine in plants appears to be present as chloride; it does not 
seem possible at present to draw any conclusions with regard to any 
possible function of chlorine in the plant. 
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CHAPTER XIII 


HETEROTROPHIC PLANTS 

The essential characteristic of the green plant, in which it differs from 
non-green plants and animals, is that it is able to absorb water and in- 
organic salts from the soil, and carbon dioxide from the air, and from these 
simple compounds synthesize all the various and complex substances 
which make up the plant body. The energy required for these syntheses 
is derived in the first place from the light energy of the sun and trans- 
ferred to the plant by the process of photosynthesis of carbohydrates. 
This process, as we have seen, requires the green chlorophyll pigments, 
and plants devoid of chlorophyll are thus unable to absorb light energy 
iand to manufacture carbohydrates. Such plants must therefore absorb 
organic material from the outside world, for only in such a way can they 
provide themselves with organic compounds of adequate energy content 
to form a basis for further syntheses in the plant, and generally for carry- 
ing on the maintenance and development of the organism. In contrast 
witl^green plants which, with their normal mode of nutrition, are termed 
auto trophic, plants in whic h organic material is absorbed directly from 
the environment are termed heterotro phic. The distinction between auto- 
trophic and heterotrophic plants Is by no means absolute. In completely 
heterotrophic plants the whole of the organic food material of the plant 
is absorbed from outside, but in quite a number of plants in which a 
certain amount of organic material is obtained from without in this way, 
chlorophyll is developed and some photosynthesis of carbohydrate takes 
place. Sometimes the term mixotrophism has been used to describe this 
condition. 

Heterotrophic plants are differentiated into parasites and s aprop hytes 
according as the organic material is derived from the bodies of living 
organisms or from dead organic matter, that is, the dead bodies of animals 
or plants or products of their decomposition. Where some photosynthesis 
takes place as well, the plants are either partial paras ites or pa rtial sap ro- 
. phytes. Further, it has been shown that some autotrophic plants can 
absorb and utilize organic materials to a certain extent, and so when kept 
in the dark and provided with such organic nutrients they exhibit a degree 
of heterotrophism. Similarly, the difference between saprophytes and 
parasites also is not absolute. Some fungi, for example, can develop either 
saprophy ideally or parasitically, while others which are normally parasitic 
have been cultivated on artificial media as saprophytes. A distinction is 
often made between obligate and f acultative parasite s, the latter being 
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able to grow without obtaining material from a host plant, whereas with- 
out a living host as a source of organic nutriment the obligate parasite is 
unable to develop. 

Related to the heterotrophic condition is that of symbiosis i n which 
two organisms of different species live together in a close association 
apparently to their mutual advantage, or at least without any indication 
of disadvantage to either of the associates or symbionts. A number of 
cases exist of symbiosis in which two species of plants are concerned, 
while cases are known in which the association is between a plant and an 
animal . 1 


SAPROPHYTES 

The majority of saprophytes are found in the group s bacteria and 
Jungi, among which the moulds (including Zygomycetes and a number of 
Ascomycetes) and many Basidiomycetes grow on non-living organic 
material. There are a few sa prophytic algae, such as Polytoma, a member 
of the Chlamydomonadaceae, and some supposed saprophytes are also 
met with among higher plants. These are plants which grow in soils rich 
in decaying organic matter or humus and include the yellow birds’ nest 
(Monotropa hypopitys) and some orchids, namely, the bird’s-nest orchid 
(Neottia nidus-avis ), the coral root ( Corallorhiza innata) and Epipogon 
aphyllum. Associated in symbiotic relation with the roots of these plants 
are fungal mycelia to which further reference will be made later. 

By far the vast majority of observations dealing with the nutrition of 
saprophytes concern the fungi. While, as noted in the last chapter, it is 
held that calcium, at least in any but very small quantity, is unessential w 
for the development of some fungi, the other elements generally regarded 
as essential for the growth of higher plants are also necessary for that of 
saprophytic fungi. As source of organic food a very large range of carbon 

1 The term symbiosis was originally used by de Bary to include all kinds of 
intimate association of two organisms, and is still used in this wide sense by some 
writers. Thus C. S. Gager ( Fundamentals of Botany , Philadelphia, 1916) distin- 
guished four types of symbiosis; (1) disjunctive or social symbiosis, (2) epiphy- 
tism, (8) mutualism, (4) parasitism. Disjunctive or social symbiosis may be 
nutritive or non-nutritive. An example of nutritive social symbiosis is afforded 
by the association of certain species of ant and fungi. The ants sow fungus spores 
on leaves removed from trees; the mycelium of the fungus grows on the leaves and 
is harvested by the ants as a crop. Pollination of flowers by insects constitutes 
non-nutritive social symbiosis between the flower and insect. In epiphytism one 
plant merely serves as a mechanical support for the other &nd there is no nutri- 
tional relationship between the two. The growth of mosses and ferns on the trunks 
of trees affords well-known examples of epiphytism. In mutualism the association 
is a close nutritional one in which the two organisms derive mutual advan- 
tage from the association, or at least apparently suffer no disadvantage. The 
association is so dose that the two organisms often appear externally as one, 
as in the lichens, and certain algal-containing' worms. It is, perhaps, more usual 
to exclude epiphytism and parasitism from -he usual conception of symbiosis, 
whieh thus includes disjunctive symbiosis and mutualism, or conjunctive 
symbiosis. 

28 
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compounds has been found to be utilizable by saprophytic fungi, although 
some individual differences between species have been observed in this 
respect. Of organic compounds not containing nitrogen, sugars appear to 
be most readily absorbed by the majority of moulds, while other com- 
pounds forming a source of carbon supply for saprophytic fungi are man- 
nitol, quinic acid, glycerol, citric acid, tartaric acid, lactic acid and fats 
among many others. There are even saprophytic organisms which can 
utilize paraffins as a source of carbon. Among such are a species of Peni- 
cillium and the Actinomycetes, a group of organisms of doubtful sys- 
tematic position exhibiting relations with both bacteria and fungi. Among 
nitrogen-containing organic compounds peptones and amino-acids can 
frequently provide a satisfactory source of carbon for these plants. 

With regard to a supply of nitrogen many saprophytic fungi can 
absorb this element in an inorganic form, particularly as ammonium 
nitrate. Others require a supply of organically combined nitrogen, as, for 
example, that provided by amides or amino-acids, peptones or even more 
complex proteins, while a number can absorb their nitrogen in the form 
of inorganic salts but grow more vigorously when supplied with organic 
nitrogen compounds. 

As regards the capacity of various saprophytes to utilize different 
organic nutrients, there is considerable variation. Some species are 
capable of readily utilizing a wide range of substances, others exhibit more 
limitation in regard to substances they can make use of readily. For this 
reason an attempt is sometimes made to distinguish between omnivores 
and specialists. Some of the common moulds, such as Aspergillus niger 
and Penicillium glaucum, undoubtedly come within the first category, 
but even here there may be very marked differences in the nutritive value 
of different substances. Thus the moulds in question absorb d-tartaric 
acid very much more readily than its stereoisomer Z r tartaric acid, while 
Aspergillus fumigatus absorbs the two forms equally well. On the other 
hand, it is doubtful whether there actually exist true specialists, in the 
sense of saprophytic organisms which can utilize only one or a few 
nutrients, although no doubt there are many which utilize some few 
substances better than any others. Certainly as a rule saprophytic fungi 
can utilize very many different substances, but the metabolic processes 
in the organism may vary greatly with the nature of the substrate on 
which the organism is growing, and the end-products of the metabolism 
of the same organism may be varied very considerably according to the 
nature of the organic nutrient with which the plant is provided, as the 
work of Raistrick and his collaborators has shown for a number of sapro- 
phytic fungi, including mauy species of Aspergillus and Penicillium. But 
both the utilization of material and the metabolic changes within the 
organism depend on other external conditions, including the hydrogen- 
ion concentration of the medium and other substances present. This is 
certainly so with regard to th? utilization of nitrogen. Attempts have, 
indeed, been made to arrange ss prophy tic fungi and bacteria into groups 
according to the most favourable source of nitrogen supply, namely, 
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elemental nitrogen, nitrates, nitrites, ammonium salts, amides and pep- 
tones, yet it must definitely be regarded as doubtful whether such a 
classification can have any rigidity. 

Little is known regarding the immediate fate of the organic compounds 
absorbed by saprophytes or of the subsequent changes which lead to the 
building up from these substances of the various constituents of the plant 
body. Clearly enzymes play their part in the life of such plants as they do 
in autotrophic plants, and a large number of enzymes with similar char- 
acteristics to those from higher plants have been extracted from fungi. 
Thus amylases, maltase, sucrase, lipase, protease and hemicellulase are 
all found in fungi. Many fungi appear, indeed, to possess the capacity to 
develop enzymes in relation to the composition of the organic nutrient. 
Thus, according to Knudson, Aspergillus only develops the enzyme tan- 
nase when provided with tannic acid or gallic acid. In other cases, where 
the enzyme is formed in the plant whether the enzyme substrate is pro- 
vided or not, the enzyme is formed in greater quantity when its parti- 
cular substrate is present. These phenomena are described respectively 
as qualitative and quantitative regulation of enzyme formation. 

In the higher autotrophic plants the cell membranes are very generally 
impermeable to enzymes, but a number of fungi can utilize starch as a 
nutrient, from which it is evident that amylase must pass out of the plant 
in order to bring about the transformation of the starch into soluble sugar. 

Where saprophytes absorb their carbon as carbohydrate and their 
nitrogen in the form of a nitrate or ammonium salt, the synthesis of the 
cell materials may quite possibly follow the same lines as in autotrophic 
plants, but where the carbon is absorbed in some form other than carbo- 
hydrate, and where the nitrogen is absorbed as an organic compound, 
clearly the course of the vital syntheses must be. more or less modified. 
But when it is considered how much the nature of these syntheses is a 
matter of conjecture in the normal autotrophic plant, it is not surprising 
that little is known of them in heterotrophic plants. 

HUMUS PLANTS 

The flowering plants generally regarded as saprophytes are all included 
in a few families . Orchidacea e. Burmanniaceae and Triuridaceae among 
monocotyledons, and Monotropoideae and Gentianaceac among the di- 
cotyledons. They are essentially plants growing in humus, and apart 
from the absence of chlorophyll they possess other characteristics. Im- 
portant among these from the physiological point of view are the feeble 
development, or complete absence, of root hairs, and, except perhaps in 
one species of orchid, Wullschlaegelia aphylla, the association with the 
subterranean absorbing organs of fungal mycelia. To such an organ, con- 
sisting of a root with associated fungus, the name mycorhiza was given 
by Frank in 1885. 1 The spelling mycorrhiza is now more usually adopted. 

■ 1 Frank defined mycorhiza in the following terms: ‘a union of two different 
individuals into a single morphological organ, which can probably be conveniently 
denoted as fUngus-root, mycorhiza’. Since then many authors, as, for example, 
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In Monotropa t he fungus is external to the root and the mycorrhiza is 
therefore described as e ctotroph ie. while in the orchids and other mem- 
bers of this group of heterotrophic plants the fungus is present inside 
the cells and the mycorrhiza is therefore said to b e endotrop hic. The sub- 
terranean organs themselves are sometimes roots, but in other cases true 
roots are absent and the fungus is developed in the cells of the rhizome. 
Frequently the development of the roots is arrested and they present a 
clustered appearance, the so-called ‘coralloid’ arrangement. 

It is generally held that the associated fungi must be connected in 
some way with the nutrition of these plants. The latter, possessing no 
chlorophyll, must obtain their supply of carbon from organic compounds 
present in the humus surrounding the roots or rhizomes. There are 
obviously two possibilities. Either the plants themselves can absorb these 
organic nutrients, or the latter are first absorbed by the fungal mycelium 
and passed on, either changed or unchanged, to the cells of the root or 
rhizome. In some plants the poor development of root hairs, and the 
presence of a fungal investment covering the root, favour the second 
view, though much variation exists in this respect. Some workers have 
thought that not only does the absorption of carbon compounds by the 
flowering plant take place by means of the fungus, but that water and 
mineral salts are absorbed through the same channels and that possibly 
organic nitrogen compounds are as well. If this is a correct interpretation 
of the relationship between flowering plant and mycorrhizal fungus the 
question arises whether it is correct to regard the former as saprophytes, 
and it has been suggested they would be more correctly regarded as para- 
sites upon their associated fungi, since the angiospermous humus plant 
receives its food supply from the fungus and gives it nothing in return. 
Moreover, the condition of the fungus in Neottia suggests that the fungus 
suffers damage as is usual with the host when attacked by a parasite. 
As described by Magnus in 1900, the fungus in this orchid is found in 
the cells of the outer cortex; it is not present in the inner part of the 
cortex and only to a slight extent outside the root. The infected region 
of the cortex appears to form three distinct layers; there is an outer 
‘digestive’ layer, a middle layer of so-called ‘host* cells, and an inner 
‘digestive’ layer. In the host cells the mycelium is differentiated into 
thick-walled hyphae lining the cell-walls, and finer hyphae which pene- 
trate the cytoplasm and vacuole, and which are supposed to be absorptive 
in function. The hyphae in these cells persist, but those in the digestive 
cells, which at first are thin-walled and rich in protein, disorganize into 
a structureless mass which becomes partially digested. ' 1 

Observations on the mycorrhizas of Neottia nidus-avis described by 
Wolff in 1926 throw some light on the problem. Wolff isolated the fungus 

M. Skene (The Biology of Flowering Plants, London, 1924), have used the term 
mycorhiza to denote, not the organ itself, but the condition of association of root 
and fungus. The spelling ‘mycorrhiza’ is now in almost general use. Although 
frequently done, there appears to be no justification for the use of ‘mycorhiza’ or 
‘mycorrhiza’ as a plural as well as a singular noun. 
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from the mycorrhizas of this plant and found it belonged to the genus 
Orcheotnyces which had previously been isolated from the aerial roots 
of epiphytic orchids. The fungus can be cultivated in nutrient media 
containing glucose and inorganic salts, and the fact that nitrogen can be 
dispensed with in the culture solution indicates that molecular nitrogen 
from the air can be assimilated by this fungus. Analyses showed, indeed, 
the presence of nitrogen compounds in the culture when none were pro- 
vided in the culture medium. Wolff further found that although the 
fungus will grow on a medium in which all the carbon is provided as 
glucose, it thrives much better on tannin. Apparently the fungus secretes 
the enzyme tannase which splits up tannin into glucose and gallic acid, 
and uses both constituents of the glycoside. The Neottia plant itself 
contains tannin, and Wolff thought the plant absorbed tannin from the 
humus, and the mycorrhizal fungus then absorbed the tannin from the 
cells of Neottia. If this view of the relations between angiosperm and 
mycorrhizal fungus is correct then the association between the two 
plants is rather one of conjunctive symbiosis than of fungal host and 
angiosperm parasite. How the nutritive conditions in Neottia and other 
plants with endotrophic mycorrhizas compare with those in Monotropa, 
the mycorrhizas of which are cctotrophic, is not clear, but it must be 
noted that the distinction between the cctotrophic and endotrophic con- 
dition is rather one of degree than an absolute one, for in the former 
there is generally penetration of the outermost layer of cells of the root 
with occasional penetration of deeper tissues. 

From the condition of the fungus in the different regions of the cortex 
in Neottia described above it has been concluded that the Neottia plant 
acts as a parasite in the outermost and innermost layers where the 
mycelium is digested, while in the middle region the fungus may obtain 
something from the Neottia cells. There is thus at any rate the possibility 
that the relation between the two associates has some of the features of 
conjunctive symbiosis. McDougall indeed suggested the term symbiotic 
saprophytism to express such a relation. 

A different opinion of the relationship between fungus and flowering 
plant in mycorrhizas has been expressed by Burges. He would presum- 
ably include the mycorrhizas of humus plants with others, although 
he points out that so little is known of the biology of these plants that 
it is difficult to assess the significance of the mycorrhizal habit in their 
nutrition. However, he pointed out that Neottia and Coratlorhiza had 
been shown by Fuchs and Ziegenspeck to contain enzymes that effect the 
breaking down of humus substances in the soil with the production of 
soluble substances which can pass through the cell membranes. Although 
they could not say whether the enzymes were produced by flowering 
plant or fungus Burges emphasized that the fungus certainly produces 
such enzymes, since it can live as a soil saprophyte on the organic material 
in the soil. Burges is of the opinion that soil fungi break down the organic 
substances of the humus into soluble compounds which the roots of the 
flowering plant can absorb directly. The fungi which penetrate the roots 
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of the plant are not necessarily the same as those which effect the break- 
down of the organic substances of humus. The penetrating hyphae are 
regarded as parasitic; the host contains substances toxic to the fungus 
which control the infection, and, as shown by Fuchs and Ziegenspeck, 
enzymes which digest the hyphae. 

On the view that there is a true conjunctive symbiosis between humus 
plant and its associated fungus the orchid Wullschaegelia aphyUa would 
appear anomalous as it is the only non-chlorophyllous angiosperm which 
is definitely not a parasite and which has been reported as lacking mycor- 
rhizas. It would, indeed, be the only known truly saprophytic angiosperm. 
On Burges’s view of mycorrhizas, on the other hand, if this is held to 
apply to humus plants, these can be regarded as true saprophytes, 
WuUschaegelia aphylla only differing from the others in that it is not 
normally invaded by a parasitic fungus. It will, however, be clear that 
considerable doubt exists regarding the mode of nutrition of the so- 
called saprophytes met with among angiosperms. 

It may be noted that a number of plants growing in humus and pro- 
vided with mycorrhizas but developing chlorophyll have been regarded 
in the past as hemi-saprophytes. Little is known of the nutrition of these 
plants. Two Australian species of Lobelia, which belong to this category 
of plants, were examined by Fraser who found that the extremely small 
seeds of one of them, L. dentata, can germinate several centimetres below 
the soil surface into colourless seedlings 2 to 8 cm. long. As the seeds are 
so small, their average weight being a little less than 0-01 mg., obviously 
organic material must have been absorbed from the soil. There does not, 
however, appear to be any definite knowledge of the part played by the 
associated fungus in the nutrition of the seedling. 

PARASITES 

As with saprophytes, the vast majority of parasitic plants are fungi 
and bacteria, while a comparatively small number of angiosperms are also 
parasites. Of the fungi, the rusts (Uredinales) and smuts (Ustilaginales) 
are all parasites, as are many of the Oomycetes and Ascomycetes and 
some of the Basidiomycetes. As these parasites produce disease in their 
hosts they are known as pathogenic fungi or pathogenes. The majority 
of them are parasitic on plants, but a number arc parasitic on animals. 
Thus Cordyceps militaris is parasitic on caterpillars while the miscella- 
neous group known as dermatophytes are parasitic on the skin and hair 
of human beings and other mammals, and produce diseases such as ring- 
worm. Bacteria include numbers of animal and plant pathogenes. 

Complete parasites derive their nutriment entirely from the body 
of the host plant, but theoretically it should be possible to grow the 
parasite on a non-living medium containing the substances, which it 
normally obtains in the body of the host plant, and so cultivate it 
saprophytically. In a number of instances it has been found possible 
to do this, and investigation of plant pathology has been greatly aided 
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by the artificial cultivation of pathogenic forms in this way. Other patho- 
genic fungi it has not so far been found possible to cultivate in this way. 
Such may be termed obligate parasites. On the other hand, some fungi 
which are usually saprophytic can penetrate living tissues, sometimes by 
way of previously formed wounds, and adopt a parasitic mode of life in 
the tissues. Such forms are spoken of as facultative parasites. 

With parasites a division into omnivores and specialists is much 
more justifiable than with saprophytes. Thus Sclerotinia sclerotiorum is 
parasitic upon, and causes diseases of, tomatoes, potatoes, mangolds, 
carrots, artichokes, beans, lettuce and Antirrhinum, while Botrytis cinerea 
also attacks a great variety of plants, including tomatoes, potatoes, 
lettuce, various bulbs, and also the young shoots of some woody plants 
such as gooseberries, vines and conifers. But many parasitic fungi attack 
plants of a single species or of a few nearly related species. This is especi- 
ally so with many of the rusts and smuts. Thus EndophyUum sempervivi 
attacks only species of Sempervivum, while Phragmidium rubiidaei ap- 
pears to confine its attack to the raspberry. In some cases what appears 
to be a single species morphologically is a collection of varieties each 
of which limits its attack to one particular species or variety of host 
plant. Such closely related parasitic forms are termed physiological or 
biological species. They appear to be most highly developed in rusts of 
cereals. Thus within the morphological species Puccinia graminis, para- 
sitic on cereals, a number of varieties have been recognized, each of which 
attacks a different species of cereal, while within each variety of the 
fungus a number of biological forms have been identified each of which 
attacks a different variety of the host species. The phenomenon of heter- 
oecism is also met with to a considerable extent in the rusts, but also to a 
slight extent in other groups of fungi. Here more than one host plant is 
involved in the life-cycle of one species of parasite, one stage in the life- 
cycle being carried out on one host, another stage on a different species. 

The special physiology of the relations of host and fungal parasite is 
generally regarded as coming within the province of plant pathology. 
There are, however, a few general observations which may be made here. 
In the first place it will be noted that the parasitism is only possible if 
the fungus is able to invade the tissues of the host plant. Frequently 
invasion of the tissues of the host commences with the germination of 
the fungal spore on the surface of the host, the young hypha produced 
then either entering through a stoma or lenticel or penetrating directly 
into a surface ceU. Where the invasion of the host is by way of stoma or 
lenticel, the cells of the host are entered sooner or later, but the mechan- 
ism of this entrance is not understood. It would be readily explained by 
the fungus secreting an enzyme or some toxic substance which digested, 
dissolved or weakened the cell-walls of the host plant, but although at 
one time it was assumed that this must be the case, more recent work 
has failed to produce evidence that entry of the fungus is effected in this 
way. It may be noted that corky cell-walls in general offer effective 
resistance to fungal penetration. 
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The attack of a parasitic fungus generally results in certain morpho- 
logical changes in the host which constitute the symptoms of the disease. 
These include changes in colour resulting from a reduction in the quantity 
of chlorophyll or from its degeneration. Sometimes the presence of the 
parasite may result in feebler development of tissues and may bring 
about dwarfing, while conversely the fungal attack may bring about 
increased growth with hypertrophy of certain parts, the production of 
excrescences and abnormal morphological developments which can be 
described as malformations. Such developments as galls and witches’ 
brooms on aerial parts of plants, and club root or finger-and-toe on 
roots of Brassica plants, are examples of such abnormal growths. These 
developmental changes must be connected in the first place with the 
physiological relations between host and parasite. Thus the hypertrophy 
of tissues resulting from fungal attack can be related to the stimulus to 
the development resulting from wounding. The physiological problems 
of the relation between fungal parasite and host have, however, for tfie 
most part, still to be worked out. 

ANGIOSPERMOUS PARASITES 

Complete, or almost complete, parasites arc not common among 
angiosperms. Such as exist fall into two groups, those parasitic on the 
roots and those parasitic on the stems of other vascular plants. Root 
parasites are represented in this country by two genera of Orobanchaceae, 
Orobanche and Lathraea. The species of Orobanche are parasitic on the 
roots of clover and other plants, while the native species of Lathraea, 
L. squamaria, is often parasitic on the roots of hazel, but sometimes 
on those of other plants. In these plants the aerial parts consist of a 
shoot with scale leaves terminating in the inflorescence, while in the 
tropical root parasites, members of the Rafflesiaccae, the whole plant is 
reduced to little more than the flowers, the flowering shoots arising as 
adventitious buds on what is little more than a mycelium. In root para- 
sites the roots produce haustoria which penetrate the tissues of the roots 
of the host plant, and xylem and phloem of the parasite come into contact 
with those of the host, so that both water and solutes contained in the 
xylem, and manufactured food materials in the phloem, of the hosts 
are diverted in part into the parasite. 

The only native stem parasites in this country in which parasitism 
is practically complete are the three species of Cuscuta (dodder) parasitic 
on heather, flax and some other plants. Here union of tissues of the host 
and parasite takes place in much the same way as with root parasites, 
haustoria from the twining stems of the parasite penetrating the tissues 
of the host so that here also the xylem and phloem of the parasite come 
into contact with those of the host. 

Apart from the method of obtaining the food supply the nutritional 
physiology of these parasites is presumably the same as that of auto- 
trophic plants. 
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Cuscuta and some species of Orobanche are stated to contain a little 
chlorophyll, so presumably they are capable of weak photosynthesis. 
No green coloration is, however, obvious to the naked eye, and these 
plants are no doubt virtually total parasites. They are unable to live 
without their respective hosts, and indeed, in Orobanche , for example, 
the seeds can only germinate in the neighbourhood of the roots of the 
host plant. 

HEMI-PARASITES 

In addition to these practically total parasites there exist among 
flowering plants a number of partial parasites which are green in colour, 
but which are also parasitic to some extent on other flowering plants. 
They include both root and stem parasites. The best known of the former 
are the Rhinantheae, a sub-family of the Scrophulariaceae including 
Bhinanthus, Bartsia, Melampyrum and Euphrasia. Other examples are 
met with in the Santalaceae, represented in this country by Thesium 
humifusum. The best-known stem hemi-parasite is the mistletoe, Viscurn 
album, but the family to which this plant belongs, the Loranthaceae , 
contains some hundreds of semi-parasitic species, while other stem semi- 
parasites occur in the Santalaceae and Myzodendraceae. 

In the Rhinantheae the degree of parasitism varies greatly. Thus the 
tropical Striga orobanchoides, according to Heinricher, is a total parasite, 
while Tozzia spends most of its life underground as a complete parasite, 
but later develops a slight photosynthetic activity in aerial shoots which 
persist for only a few weeks. Another species of Striga, namely S. lutea, 
is a total parasite in the early stages of its development, but later develops 
chlorophyll. The seeds of these species, like those of Orobanche, only 
germinate in the neighbourhood of the roots of the host plant. In our 
native Rhinantheae, however, the seeds can germinate in absence of the 
host plant and can develop to a certain extent independently. Euphrasia 
rostkowiana, according to Heinricher, is only capable of feeble inde- 
pendent development, while E. odontites and E. minima can complete 
their development from germination to seed formation independently of 
a host plant. Most of the Rhinantheae occupy a position intermediate 
between these two extremes. 

The exact nutritional relations of the root hemi-parasites are in some 
doubt. Their photosynthetic activity, except in the two or three extreme 
cases of parasitism noted, appears to be normal, and it is usually supposed 
that the chief advantage they derive from their parasitic habit is the 
absorption of water and salts from the host, although the possibility of 
absorption of some organic material from the host is not excluded, parti- 
cularly in the early stages of development of the parasite. 

The same appears to be the case with the stem hemi-parasite Viscurn 
album. Here the leaves are green and photosynthesize actively, while 
according to Pierce only the xylem of host and the haustoria of the 
parasite come into contact. Ringing the stem of the host above and 
below the haustoria of the parasite, so as to remove all tissues outside 
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the xylem, has no adverse effect on the parasite, which also suggests that 
the mistletoe plant does not depend on its host for a supply of organic 
nutrients. 

If this is the correct view of the relation between host and parasite 
in these chlorophyll-containing hemi-parasites, the latter clearly differ 
from typical heterotrophic plants which are incapable of manufacturing 
their own organic food material. They differ in their nutrition from typical 
autotrophic plants in absorbing their water and mineral salts wholly or 
in part by way of the host plant instead of directly from the soil, but 
apart from this their nutrition appears to be normal. 

INSECTIVOROUS (CARNIVOROUS) PLANTS 

Insectivorous or carnivorous plants constitute a group of hetero- 
trophic plants which may be regarded as semi-parasitic. Their common 
characteristic is that by means of some special device insects or other 
small animals are trapped and organic material from their bodies, after 
decay or digestion, is absorbed by the insectivore. 

About 400 species of insectivorous plants arc known, but they are all 
included in a very few families: Droseraceae, Lentibulariaceae, Sarraceni- 
aceae, Nepenthaceae and Cephalotaceae. The trapping devices are of 
three main types which are met with respectively in (1) the Droseraceae 
and in Pinguicula, a member of the Lentibulariaceae, (2) in Utricularia, 
another genus of the Lentibulariaceae and (8) in Sarraceniaceae, Ne- 
penthaceae and Cephalotaceae. 

Droseraceae. This family contains six genera with about 100 species, 
all of which are insectivorous. The most widely distributed genus is 
Drosera (sundew) while the other five genera contain only seven species 
altogether. The best known of the latter are Dionaca and Aldrovanda. 

In Drosera the upper surface of the leaf bears numerous glandular 
hairs or tentacles, those towards the margin of the leaf having long 
stalks, those in the middle shorter ones. When an insect alights on a leaf, 
as will be described in a later chapter, the outer tentacles bend over the 
insect and the glands, both of the incurved outer tentacles and of the 
short erect middle ones, all secrete a fluid in which the insect becomes 
partly or entirely submerged, this being helped by an incurving of the 
leaf margin which renders the leaf somewhat cup-shaped, The secretion 
contains proteases by which the nitrogenous substances of the small 
animal are converted into amino-acids, which are most probably absorbed 
by the cells of the glands. This process may take several days, the length 
of time depending on the size of the animal digested, but after the diges- 
tion of the animal is complete the tentacles return to their original 
position and are then ready to respond again to the contact of another ' 
small animal. There is always a certain amount of sticky secretion on 
the surface of the leaf and it is possible, though not definitely established, 
that insects may be attracted by this secretion. 

/ In DrosophyUum, Roridula and Byblis the conditions have generally 
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been regarded as similar except that the tentacles have no power of 
movement. However, Lloyd has examined the case of Roridula and con- 
cluded that this plant is not carnivorous, the secretion of the glands 
bring resinous and not digestive. 

In the two other species of Droseraceae, Dionaea musdpula and 
Aldrovanda vesiculosa, the trapping mechanism is different. When an 
insect alights on the upper surface of the leaf the two halves of the 
bilobed leaf move upwards and close together with the insect between 
them, the midrib acting as a hinge. The movements are discussed in a 
later chapter. In Dionaea, glands exude a digestive fluid as in Drosera, 
but there is some doubt regarding the secretion of a digestive fluid in 
Aldrovanda. 

1- '' In Pinguicula also, insects are caught by the sticky secretion on the 
leaves and are then partially digested by the proteases secreted by the 
glands of the leaf as in the Droseraceae. 

i Utricularia. The species of Utricularia are either, like the British 
species U. vulgaris, U. major, U. intermedia and U. minor, aquatic plants, 
or, like many tropical species, are terrestrial species growing in a wet 
substratum. The plants are devoid of roots and the leaves are much 
divided, some of the leaf segments being modified to form bladders. 
Small aquatic animals are trapped in these bladders, and the mechanism 
of this trapping has been the subject of observations by a number of 
observers, notably by Darwin, Goebel and Lloyd, the last-named of 
whom examined between 75 and 80 species. 

The bladders are borne on short stalks and in V. vulgaris are about 

2- 5 mm. long, but in 17. cornuta and 17. capensis only about 1 mm. They 
are oval in shape but rather more pointed at one end than the other. At 
the more pointed end is an entrance into the interior closed by a door of 
tissue which acts as a valve, the door opening inwards and being attached 
to the wall of the opening above and resting on the lower margin of the 
opening when closed. A number of long hairs, often branched, arise from 
the outer surface of the door. In some species slight opening of the door 
appears to result from a small animal pushing against it, while in other 
species contact with the hairs attached to the door may bring this about. 
When the door has been slightly opened in this way water enters the 
bladder carrying with it the small animal; the door then closes and the 
animal is trapped inside the bladder. The explanation usually given of 
this action is that the walls of the bladder are practically impermeable to 
water, while attached to the inner wall of the bladder, and so projecting 
into its cavity, are a number of hairs which withdraw water from the 
bladder cavity, the wall of which therefore tends to collapse inwards. 
According to Lloyd, the histology of the door is such that it tends to 
move outwards; hence it will rest closed against the margin of the 
entrance unless pressure is exerted on it from the outside. According to 
Lloyd, the door when closed is practically watertight. Now if the door is 
opened slightly there will result a rush of water into the bladder, since 
as a result of the absorption of water by the internal hairs combined with 
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the practical impermeability to water of the bladder- wall and the water- 
tightness of the door, the hydrostatic pressure inside the bladder will be 
somewhat less than that of the water outside. Even before the pressure 
inside and outside has equalized, the door closes. 

The whole process is extremely rapid, and for this reason Lloyd 
described it as a snap-action mechanism. By taking cinemicrophoto- 
graphs this investigator showed that the whole action takes place in 
less than yj second, the opening of the door occupying less than 
second and the closing of it about second. 

No evidence has so far been produced that any enzyme is excreted 
by Utricularia into the bladders, and it is usually supposed that the 
trapped animals die in the bladder and then form the substrate of bac- 
teria, as a result of which they decay and their decomposition products 
are then absorbed, either by the cells of the bladder- Avail or, more prob- 
ably, by the internal glandular hairs. 

As well as in the 250 species of Utricularia, the same mechanism 
occurs in the related genera Biovularia with one species and Polypom- 
pholyx with three species. 

Pitcher Plants. Members of the third group of insectivorous plants 
are characterized by the possession of certain leaves the apical portions 
of which are modified into the form of a pitcher capable of holding liquid. 
The size of the pitcher varies greatly from species to species, so that its 
content is no more than a cubic centimetre or so in some, while in other 
species it may be more than a litre. In Nepenthes the leaf-blade proper 
is continued into a tendril-like extension which terminates in the pitcher, 
and the tendril, by coiling round a support, maintains the pitcher in a 
vertical position. The pitcher is provided with a lid, which is at first 
closed but which later opens and remains so. In the Sarraceniaceae the 
whole leaf develops as a long slender pitcher with a terminal lid opening 
as in Nepenthes. 

In Nepenthes the inner wall of the pitcher from the bottom to halfway 
up or higher bears numerous multicellular glands which secrete a fluid 
which passes into the pitcher. The upper part of the wall, which is devoid 
of glands, is covered with wax. It is supposed that insects are attracted 
to the pitcher by nectar secreted by glands situated on the outer surface 
of the pitcher, on the inner surface of the lid and on the inner edge of the 
margin of the pitcher opening. If the animal enters the pitcher it fails to 
find a foothold on the slippery wax-covered internal wall of the pitcher 
and slips into the liquid in the lower part of the pitcher. In this liquid 
the insect is digested and products of its digestion are absorbed by the 
cells of the pitcher walls, possibly by the glands. 

The usual Anew held with regard to the means by which digestion of 
the insect is effected, and the one supported by Goebel and Vines, is that 
the pitcher liquid itself contains protease enzymes which are instrumental 
in effecting the digestion. Hepburn found that the pitcher liquor possesses 
no proteolytic actmty until it has received an animal or some nitro- 
genous material, after which it is capable of digesting a number at 
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proteinaceous materials. A distinction is thus made between ‘stimulated’ 
and ‘non-stimulated’ pitchers. The difference between them appears to 
be due to the fact that the presence of an insect stimulates the glands 
to increased secretion, the latter containing the protease. In the presence 
of a weak acid, however, digestion of some substances is effected by 
liquor from non-stimulated pitchers; such is the case with carmine fibrin. 
With liquor from stimulated pitchers digestion is accelerated by addition 
of weak acid. 

Hepburn further found that in open pitchers bacteria are fairly 
numerous, but that when isolated from the pitcher liquor they usually 
digest protein very slowly. His general conclusion is, therefore, that the 
chief factor in the digestion of the insects is the protease present in the 
pitcher liquor after stimulation by the entrance of an insect. Any part 
played by bacteria in the digestion is a very secondary one. The enzymes 
present in the body of the insect may play some part by bringing about 
autolysis of material of the insect tissue. 

In a later investigation on pitcher plants belonging to the family 
Sarraceniaceae, Hepburn, St. John and Jones found the same state of 
affairs in species of the genus Sarracenia. In these plants the pitcher 
liquid appears to exert either a narcotic or wetting action on insects so 
that their movements are retarded. The pitcher liquor, like that of Ne- 
penthes, contains proteases and also proteolytic bacteria, which no doubt 
play similar parts to those performed by them in Nepenthes. But in a 
second genus of Sarraceniaceae represented by the single species Darling- 
tonia califomica, the pitchers do not appear to secrete any proteolytic 
enzymes, although proteolytic bacteria may be present. 

Hepburn and his collaborators showed experimentally that the pitcher 
walls of both Sarracenia and Darlingtonia absorb water from the pitcher 
cavity. They also introduced aqueous solutions of various nitrogen com- 
pounds into the pitchers of plants of Sarracenia, and showed by chemical 
analysis that these substances (acetamide, urea, asparagine, peptone) 
were absorbed by the cells of the pitcher; so also were phosphate and 
lithium ions. There can be little doubt that in Sarracenia, as in Nepenthes, 
insects are digested mainly by proteases secreted into the pitcher liquid 
from glands on the internal walls of the pitcher, while proteolytic bacteria 
and autolysis of the insect tissues may play subsidiary parts in the diges- 
tion. What the position is with Darlingtonia is not so clear. Liquid is 
secreted as a result of stimulation by pieces of raw beef, though not 
appreciably by pieces of cooked beef, and the absence of protease in the 
liquid secreted suggests that the supply of nitrogenous material to the 
plant by the bodies of trapped insects must depend in this plant on the 
slower processes of bacterial action and autolysis. 

The West Australian pitcher plant, Cephalotus foUicularis, is the 
single species of the Cephalotaceae, a family related to the Saxifragaceae. 
The small pitchers show the same general peculiarities as those of Ne- 
penthes, and according to Dakin the pitcher liquor contains protease, 
which digests blood fibrin in presence of weak acid. The conditions in 



856 INTRODUCTION TO PRINCIPLES OP PLANT PHYSIOLOGY 

this plant have not been fully worked out, but it appears possible that 
they are generally similar to those in Nepenthes. 

The usual view taken of the significance of the insectivorous or carni- 
vorous habit is that it provides the plants concerned with a supply of 
nitrogen additional to that which is absorbed from the medium in which 
the plants grow, and it would certainly appear that many of these plants 
grow in soils or water deficient in nitrates. Thus a number occur in 
swamps and bogs in which deficient aeration limits the development of 
nitrifying bacteria. It has been suggested that the absorption of salts 
apart from nitrogen compounds is important, while Dakin further 
suggested that in Cephalotus, where the conditions under which the 
plants grow are unfavourable for transpiration, the development of 
pitchers provides for a water current in the plants by secretion of water 
by the glands, but whether a current of water to the pitcher-walls is 
really of value in the life of this plant depends on the significance of 
transpiration in itself, a matter which is in some doubt, and which has 
been discussed in an earlier chapter. 

SYMBIOSIS 

A number of cases of symbiosis, used in its restricted sense of the close 
association of individuals of different species for their mutual advantage, 
exist in the plant kingdom. The best known are the lichens, in which the 
symbionts consist of an alga and fungus; leguminous plants with bacteria 
living in the root tubercles; and many forest trees and other plants in 
which there is mycorrhizal development. There are also a number of 
examples of symbiosis between plants and animals. Among these are the 
chlorophyll-containing worms ( Convoluta roscoffensis and C. paradoxa ), 
in which an alga lives in the body of the worm. Less intimate examples 
of animal and plant symbiosis are those in which ants play a part. These 
include myrmicophilous plants in which ants live in cavities of the pulvini 
of the leaves and protect the leaves from attack by leaf-cutting ants, and 
fungi cultivated by ants for food material. Still less intimate is the con- 
nexion between plants and pollinating insects and between plants and 
the animals which, by various means, disseminate fruits and seeds. 

Lichens. The thallus of the lichen consists of two distinct constituents, 
an alga and a fungus. In some lichens it has been possible to isolate the 
two constituents and cultivate them independently. Thus the algal con- 
stituent of three lichens, Physcia parietina, Evemia furfuracea and a 
species of Cladonia, was found to develop exactly as the unicellular green 
alga Cystococcus humicola, while the algal constituent of the lichen Pelti- 
gera canina appears to be identical with the alga Gloeocapsa monococca. 
Similarly the fungal constituents of Lecanora subfusca, Xanthoria parie- 
tina, and other lichens have been cultivated independently of the alga 
in artificial media. 

In some few lichens a state of affairs has been described which has 
suggested to the observers that in these particular cases the fungus may 
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be to some extent parasitic on the alga, but whether such is a correct 
interpretation of the observed facts has been disputed. Thus the presence 
of dead cells in the lichen thallus may be due to natural decay, and if 
material of these dead cells is absorbed by the fungus the condition is 
not one of parasitism. At any rate, there seems no doubt that in at least 
the vast majority of lichens both algal and fungal constituents maintain 
a healthy life and the condition is one of symbiosis in the narrow sense 
sometimes described as mutualism. 

The algal symbiont, being green, manufactures carbohydrate by the 
ordinary photosynthetic process. The carbon dioxide for this it obtains 
from the air. But the water, as well as mineral salts, which it would 
normally absorb from the medium in which it lives it must obtain from 
the fungus, for the algal cells arc surrounded by fungal mycelium and do 
not generally come into direct contact with the substratum. There is 
some evidence that the algal symbiont of the lichen Physcia parietina 
can absorb peptone, and Chodat found that in artificial cultures of the 
algal symbionts of lichens, these forms developed much more satisfactor- 
ily when provided with nitrogen in the form of glycine or peptone than 
when the nitrogen was presented as potassium nitrate. There is thus at 
least a possibility that the alga obtains a supply of organic nitrogen from 
the fungus as well as a supply of water and mineral salts. There is also 
some evidence that the alga can absorb carbohydrate in the same way. 
This has been shown by cultivating lichens on artificial media containing 
organic substances and mineral salts and depriving them of carbon 
dioxide. Under these conditions the alga developed satisfactorily, even 
in the dark, especially when the medium contained glucose. In Physcia 
parietina it has similarly been shown that the alga can utilize for its 
nutrition oxalates excreted by the fungus. But in general the conclusion 
is drawn that the alga photosynthesizes carbohydrate in excess of its own 
requirements, the excess being absorbed by the fungus. 

Leguminosae. It is well known that members of the family Legumi- 
nosae develop on their roots small tubercles or nodules as a result of 
rootlet infection with a species of bacterium known under a number of 
different names including Bacillus radicicola and Pseudomonas radicicola , 
which absorbs nitrogen from the soil atmosphere. From this nitrogen 
some substance is manufactured by the bacteria and excreted into the 
cells of the rootlet; this substance may be aspartic acid (cf. p. 302). 
Culture experiments have clearly shown that the power of the leguminous 
plant to fix atmospheric nitrogen is entirely due to the bacteria of the root 
tubercles. In this symbiotic relationship the bacteria thus provide the 
leguminous plant with organic nitrogen while the bacteria receives from 
the root water and salts and perhaps carbon compounds. 

Root tubercles of similar appearance are met with in species of Alnus, 
MyHca, Elaeaghus and Ceanothus, and these tubercles also contain bacteria 
of Pseudomonas radicicola or some nearly related species. 

Mycorrhizas . The existence of the mycorrhizal habit in humus plants 
has already been mentioned, but it is not by any means confined to them 
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and is, indeed, of very wide distribution throughout the plant kingdom. 
Endotrophic mycorrhizas occur typically in the Orchidaceae and Eri- 
caceae, while they are also present in many species of Gramineae and 
other plants. Ectotrophic mycorrhizas are present in forest trees such 
as beech, birch, oak, chestnut, aspen, pine and spruce, and shrubs such 
as hazel. Fungal mycelium is also met with in association with many 
Bryophyta and Pteridophyta. Much has been written with regard to the 
nutritive relations of the mycorrhizal fungus and its associated plant, 
and very diverse views have been held on this matter, but the more 
generally accepted view is that the condition is one of symbiosis in which 
both members derive benefit from the association. As regards the ecto- 
trophic mycorrhizas of coniferous trees, a number of the fungal species 
concerned have been grown independently of the host, but under such 
conditions their growth is much slower than when grown in association 
with their hosts, and it is supposed that the fungi obtain carbohydrates 
and possibly other organic substances from their hosts. On the other 
hand, the roots are thought to obtain a supply of nitrogen and mineral 
salts by way of the fungal mycelium, for it has been found that the 
mycorrhizas in culture can utilize organic nitrogen compounds much 
more readily than uninfected seedlings. Thus seedlings of Picea abies 
when supplied with nitrogen in the form of peptone or nucleic acid show 
characteristics of nitrogen starvation, whereas similar seedlings infected 
with the mycorrhizal fungus show no sign of such starvation. It is also 
significant perhaps that woodland soils in which these trees with mycor- 
rhizas flourish are generally poor in nitrates. The fungal constituents of 
the endotrophic mycorrhizas of the green Orchidaceae have been isolated 
and found to grow readily on artificial media in independence of their 
normal orchidaceous associate. On the other hand, the view is generally 
held that the fungus is necessary for germination of the orchid seed and 
subsequent development of the seedling, so that for the orchid the associ- 
ation is obligatory. While in nature this may be so, it may be noted 
that Knudson has not merely germinated orchid seeds in absence of a 
fungus, but has cultivated a Laelia-Cattleya hybrid on agar in absence 
of a fungus for 8 years, when the plant flowered. Orchid seeds, however, 
do not germinate when supplied only with water and nutrient salts, and 
Knudson found that for germination to take place a supply of organic 
food material (sugar) must be provided. 

The nutritional relations between orchid plant and associated fungus 
are in much doubt. The fungal constituents of orchid mycorrhizas are 
mostly related to parasitic forms, and the view is generally held that the 
present association has been evolved from a condition of parasitism of 
the orchid root by the fungus. The condition is now generally regarded 
as one of symbiosis largely because neither fungus nor orchid appears to 
suffer damage from the association, and also because the association, a s 
far as the germination and development of the orchid is concerned, is of 
an obligate nature. 

Knudson’s view regarding the association of the fungus in the germin'- 
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ation of orchid seeds appears a reasonable one. Having shown the neces- 
sity for a supply of organic food material for the germination of the orchid 
seed-, he concluded that the part played by the fungus in the germination 
is to bring about a transformation of insoluble organic food material in 
the medium to soluble material which can then be absorbed by the seed 
and seedling. He thus regards the orchid plant in the early stages of 
growth as saprophytic. The fungus he regards as playing the part of a 
parasite of a mild type, and there appears, indeed, to be no evidence that 
the mycorrhizal fungus in the adult orchid plant provides the latter with 
anything. 

Among the Ericaceae the case of Calluna has been most completely 
investigated in regard to the relationships between mycorrhizal fungus 
and host. Here Rayner showed that, although seeds will germinate in 
absence of the fungus, the seedlings fail to develop beyond an early 
stage. If the fungus is available, the germinating seed may be infected 
as soon as the radicle begins to elongate. As the seedling develops, the 
fungus spreads through the cells of the cortex of the root and into the 
shoot. Rayner pointed out that Calluna normally grows in humus soils 
very deficient in nitrates as well as other mineral salts, and she considered 
the relations between the associates to be similar to those in the ecto- 
trophic mycorrhizas of forest trees. The fungus is thus supposed to enable 
the Calluna plant to draw on the nitrogenous material in the humus. 
Moreover, there is evidence that the fungus of the endotrophic mycor- 
rhizas of Calluna, like Pseudomonas, can fix atmospheric nitrogen. How- 
ever this may be, there is definite digestion of the fungal mycelium by 
the root cells of Calluna. It may then be supposed that the mycorrhizal 
fungus of Calluna provides nitrogen to the host plant and absorbs other 
materials from it. However, Rayner was of opinion that the obligate 
relation in Calluna is associated with infection and seedling development 
and that the plants would probably grow quite well if developed seedlings 
could be obtained free from the mycorrhizal fungus. Indeed Knudson 
records that seedlings of Calluna can be obtained and develop normally 
without infection by the fungus. 

In the grass Lolium, McLennan found that the root fungus forms fat 
which ultimately finds its way into the cells of the host. 

Burges’s view of the mycorrhizal habit, to which reference has been 
made earlier in this chapter, is much the same as Knudson’s. Burges, as 
we have seen, regards the fungus in the mycorrhiza as a parasite, and 
that the rendering of organic material in the soil available for the host 
plant is the work of soil fungi, which are not necessarily parasitic, 
although some are. Various arguments are advanced in support of 
this view. In the first place the fungal associate of the mycorrhiza in 
any particular angiosperm is often not limited to one species. Thus 
McDougaU and Jacobs concluded that seven fungi could enter into the 
mycorrhiza of Pinus murrayana , while according to Peyronel no less than 
thirteen different fungal species may enter into mycorrhizal associa- 
tion in the beech tree. Again, although as we have seen earlier, there 
24 
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is evidence that the fungal associates of mycorrhiza can fix nitrogen, the 
endophytes of orchids and of Erica carnea have been shown to have only 
a low capacity for nitrogen fixation, while that of the ectophytic fungi 
of trees is negligible. Further, as noted above, Knudson has shown that 
orchids and Calluna can germinate without the associated fungus if 
provided with sugar, while Freisleben has shown the same to hold for 
Vaccinium. Again, McLennan has shown that in the Australian family 
Epacridaceae, which is closely related to the Ericaceae, and of which 
the species exhibit a similar mycorrhizal habit, the seeds of one of the 
species of Epacris can germinate in the absence of the fungal infection 
and normal plants develop without any fungal associate. Burges’s general 
conclusion regarding the mycorrhizal condition is that the fungi in the 
soil effect a breakdown of the complex organic material into soluble 
compounds which in this way are rendered available for direct absorp- 
tion by the higher plant and that the fungal associate is a parasite the 
extent of the infection by which is controlled by toxins and enzymes Of 
the host. In the orchids, at any rate, there is also mechanical resistance 
offered to fungal infection by thickening and cutinization of the cell walls. 

It will thus be clear that the relationships between mycorrhizal fungi 
and their hosts may be different in different cases, but in all of them the 
essential character of the relationship is nutritional. 
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CHAPTER XIV 


THE COURSE OF DEVELOPMENT 

It is one of the characteristics of the living organism that it undergoes 
development. Beginning as a single cell or a group of comparatively 
few cells, it increases in size and develops a form, in many cases very 
complex, which is determined by heredity and environment, the materials 
for the increase in size being furnished by this environment. It must be 
one of the aims of plant physiology to determine the laws governing this 
development. 

It is convenient to divide reproductive methods in plants into three 
kinds: sexual, asexual, and vegetative . 1 In sexual reproduction the new 
individual arises from a single cell that has resulted from the fusion of 
two cells (sexual cells or gametes); in asexual reproduction a single cell, 
specially produced for the purpose, without a previous fusion, forms the 
commencement of the new generation; while in vegetative propagation 
a mass of ordinary body cells (rarely a single body cell) from the parent 
forms the starting-point of the new individual. Such a mass of tissue 
may either function solely as a reproductive body, as in the case of a 
gemma of Marchantia, a corm of Crocus, or a tuber of potato or Dahlia, 
or it may consist of ordinary organs of the individual, such as stems, 
roots, leaves, or portions of them, which under certain conditions, usual 
or unusual, grow into complete new individuals independent of the 
parent. 

The course of development may be widely affected by the mode of 
origin of the individual. This can be illustrated very conveniently by 
certain ferns in which all three kinds of reproduction occur. In Asplenium 

1 An examination of the text-books reveals that there is some diversity in the 
meaning attached to the terms ‘asexual’ and ‘vegetative’. By some writers (e.g. 
Molisch) the terms are regarded as synonymous and refer to any kind of repro- 
duction not involving a sexual fusion. By others (e.g. Scott) vegetative repro- 
duction is regarded as a particular case of asexual reproduction, or, conversely, 
asexual reproduction is spoken of as a special case of vegetative reproduction 
(e.g. by Fritsch and Salisbury). Others, again (e.g. Tansley), regard the term 
asexual as referring only to those cases in which the new individual arises from 
a spore formed without a previous fusion, while vegetative reproduction signifies 
the arising of new individuals from cells of the vegetative body, occasionally 
from single cells but more usually from multicellular masses of tissue such as 
gemmae, whole shoots or parts of them, pieces of leaf or root tissue. The matter 
is, of course, chiefly one of definition, although perhaps not entirely, but to the 
writer the last method of classification appears the most convenient and so is 
adopted here. 
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bulbiferum, for example, the asexually produced spore develops into the 
prothallus (gametophyte), the sexually produced fertilized egg cell 
develops into the sporophytic fern plant. On this are formed vegetatively 
the bulbils which develop into similar sporophytic fern plants, and 
asexually the spores which develop into prothalli. And although the 
organisms resulting from the fertilized egg and from the bulbil are 
similar, the early development must obviously be different in the two 
cases. 

Development, to the eye at any rate, is not as a rule a continuous 
process. In most cases there is a period, or series of periods, during 
which the individual appears to remain unchanged. During these 
so-called ‘rest periods’ it is clear that frequently some life processes 
continue, if only those connected with respiration, although the rate 
of the processes may be so slow as to be scarcely observable. On the 
other hand, there are many cases known in which developmental < 
changes are actually proceeding during the apparent rest period . 1 

Frequently the asexually produced spore, and not the fertilized egg, 
undergoes, or may undergo, a period of rest before development of the 
individual commences. This is so where the spore is shed or otherwise 
becomes separated in space from the parent plant. In the gymnosperms 
and angiosperms this is obviously the case with the microspores, and 
here the rest period actually occurs after development of the spore has 
proceeded a little way towards the formation of a rudimentary pro- 
thallus. The sexually produced zygote develops into an embryo of 
generally considerable organization before a rest period occurs and the 
seed containing the embryo is separated from the parent. 

Although the whole course of development must be regarded as 
continuous, it is nevertheless convenient to consider certain stages in 
the development separately. It is clear that germination, the emergence 
of the actively growing individual from the resting spore, zygote, seed, 
tuber or other organ, is a well-marked event or phase in the life history 
of most individual plants, but from what has been written in the pre- 
ceding paragraph it is clear that the germination stage occurs at a 
different place in the life-history of different species. 

Other periods of rest and subsequent sprouting may also occur, as in 
most perennial plants of temperate and arctic regions and many tropical 
plants as well, where, during a season with conditions unfavourable to 
growth, the whole plant may remain in an apparently dormant condition. 

The production of reproductive bodies marks another stage in the 

1 Jost distinguished between complete rest in which, consequent upon with- 
drawal of water, all activity ceases, and partial rest in which, with cessation of 
growth, various metabolic processes, particularly respiration, continue. Seeds and 
spores afford examples of the former, winter buds of trees examples of the latter. 
It is doubtful how far such a distinction is absolute, for it may be that in all cases 
where a structure remains alive respiration proceeds, albeit at so very slow a rate 
as to be unrecognizable. On the other hand, it may be that complete rest, with 
absolute cessation of all activity, yet with retention of vitality, is possible. The 
settlement of the question appears at present impossible. 
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development of the individual, but the position of this stage varies even 
more than that of germination. 

The course of development, then, is not uniform throughout the 
plant kingdom. In annual flowering plants we may, however, con- 
veniently consider the following stages as constituting the whole life- 
history: 

1. Development of the zygote into the embryo, including seed 
formation. 

2. Germination of the seed. 

8. Vegetative development. 

4. Reproduction, involving formation of flowers with asexual spores, 
the development of the gametophytes and structures in relation with 
them and fertilization. 

It is clear that the last two stages may overlap considerably, as in 
many species the production of a crop of flowers does not involve the 
cessation of vegetative growth. 

In the perennial plant the course of development is generally com- 
plicated by the intercalation of rest periods with subsequent periods of 
sprouting as mentioned above. Here it may be some years after the 
commencement of the individual’s life when the reproductive phase com- 
mences, and then quite usually vegetative development and reproduc- 
tion proceed each year. There is in such plants an annual course of 
development largely comparable with the whole course of development 
of the annual plant, the stages being: 

1. Renewal of activity of resting buds. 

2. Vegetative development. 

3. Reproductive processes. 

Here again the vegetative and reproductive phases of development 
overlap as a rule while not infrequently the formation of flowers may 
precede vegetative development in the annual cycle. Rhrely flowers 
may be formed not in every season, but only once in a number of seasons, 
a year in which flowers form being succeeded by a number of years in 
which the development is purely vegetative, after which flowers are 
again produced. Very rarely in perennials the formation of flowers may 
terminate the growth and life of the plant altogether. 

From the physiological point of view, then, various well-marked 
phases in development can be recognized, each presenting its own 
characteristics, the laws governing which it is the business of the plant 
physiologist to discover. These phases are: rest period, renewal of 
activity, vegetative development, reproduction. It has already been 
pointed out that the position of these phases in the life-cycle is not 
uniform throughout the plant kingdom but may vary from one species 
to another. These various phases of development will be considered in 
the next chapters. 



CHAPTER XV 


GERMINATION OF SEEDS 

For a seed to germinate certain external conditions are necessary. A 
supply of water, a temperature within a limited range, a supply of 
oxygen, and, in some species, certain light conditions, are recognized as 
necessary external factors for germination. But even when all these are 
provided, it does not follow that the seed will germinate. It may remain 
‘dormant’, and it has to be recognized that internal conditions of the 
seed may also be factors in determining its germination. 

EXTERNAL FACTORS 

Water Supply. Seeds, although to all appearances dry, contain a 
small quantity of water, but the proportion of water in the cells of the 
seed is very much less than that contained in the cells of the actively 
growing plant of the same species. Thus seeds of Ricinus communis 
were found to contain 6-45 per cent, of water, whereas the seedlings of 
the same plant contained 92-7 per cent. So long as the seed is kept dry 
it cannot germinate. The seed, either in the embryo or endosperm (rarely 
perisperm), contains food reserves which can as a rule only be trans- 
formed into mobile nutritive substances in the presence of water. The 
enzymes responsible for the transformation of the reserves may, in some 
species, only be developed in active form in presence of water. The diffu- 
sion of the mobile substances so produced takes place through water 
and the actions which proceed in the cell appear to require for the most 
part an aqueous medium; in short, an absorption of water by the seed 
is an essential for renewal of activity. 

Provided the temperature and internal conditions are suitable, a 
seed brought in contact with water absorbs the latter, partly by imbibi- 
tion, partly on account of the osmotic pressure of the cell contents. 
Possibly the absorption is at first largely or entirely due to imbibition, 
but as more water is absorbed the consequent production of osmotically 
active substances from the reserves, as, for instance, sugar from starch, 
may increase the osmotic absorption of water. 

The quantity of water absorbed by germinating seeds depends on 
the species. In table LXIII are given the quantities of water observed 
to be absorbed by air-dry seeds and fruits of different species, the 
quantities being given as percentages of the original weight of the air- 
dry seed. These values give a good idea of the variation in the water 
requirements for germination of different species of seeds, but they must 
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not be regarded as absolute values characteristic of the species, as not 
only seeds of different varieties of the same species, but different in- 
dividuals of the same variety or species, differ greatly in regard to the 
quantity of water they can absorb. The quantity will also depend on 
the amount of water present in the air-dry seed, and this will itself 
depend on the time that has elapsed since the seeds were shed and on the 
conditions to which they have been subjected during that time. 

Table LXIII 

Water Absorption by Seeds 


Species 

Water absorbed as 
percentage of 
original weight 

Observer 

Wheat ..... 

600 

Nobbe 

Barley 

46 

A. J. Brown and Worley 

Oat ...... 

59-8 

R. Hoffmann 

Maize ..... 

89-8 

Nobbe 

Rye 

677 

R. Hoffmann 

Buckwheat .... 

46-9 

R. Hoffmann 

Castor oil ( Ricinus communis ) 

42 

Stiles 

Poppy 

91 0 

R. Hoffmann 

Rape ..... 

48-3 

Nobbe 

Sunflower ( Hclianthus annuus) . 

56-5 

R. Hoffmann 

Broad bean (Vida f aba) 

. 1570 

Nobbe 

Edible pea (Pisum sativum var. Thomas 

Laxton) 186 

Stiles 

Lathyrus maritimus . 

. 230 

Stiles and Dellow 

Xanthium pennsylvaticum . 

50 

Shull 

Pinus austriaca 

35-8 

Nobbe 


Speaking generally, seeds of the Leguminosae are conspicuous for the 
large amount of water absorbed in germination; the cereal grains and 
seeds containing much fat absorb relatively much less water, although 
poppy is somewhat of an exception. 

The time taken for seeds to attain their maximum swelling depends 
no doubt on the species or variety, but is dependent also on the tempera- 
ture. Some observations by Dimitrievicz more than fifty years ago 
illustrate this point. Samples of seeds of red clover, rape and chick pea 
(Cicer arietinum) were soaked in water at four different temperatures 
0°, 10°, 15° and 85° C. and the absorption of water measured after the 
lapse of 6, 12, 24 and 48 hours. At 0° the absorption of water by rape 
was practically complete after 24 hours, but in red clover and the chick 
pea this stage was only reached after about 48 hours. In all cases absorp- 
tion was more rapid at the higher temperatures. Accurate experiments 
carried out by A. J. Brown and Worley showed that the total amount 
of water absorbed by barley grains is practically unaffected by tem- 
perature, but that increase in temperature speeds up the entry of the 
water. It was found that between 8-8° and 84’6° C. the rate of water 
absorption is almost exactly doubled for a rise in temperature of 10°, 
the actual temperature coefficient (Q t0 ) being 1-99. Shull, from a very 
careful series of experiments carried out on seeds of a variety of the 
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edible pea and of the cocklebur ( Xanthium pennsylvaticum), concluded 
that the effect of temperature on water absorption by these seeds was 
less than that found by Brown and Worley, the temperature coefficient 
over the range 5° to 85° C. being 1-6 in the case of the pea and 1*55 in one 
set of experiments with Xanthium pennsylvaticum and 1*88 in another. 

Brown and Worley concluded that the rate of water absorption is 
an exponential function of the temperature, the relation between tem- 
perature and rate of absorption being expressed by the equation v = oc*®, 
where v is the rate of water intake, 6 the temperature and a and k are 
constants. Because this relation is the same as that between vapour 
pressure of water and temperature, and because of the high value of 
the temperature coefficient, which is that characteristic of chemical 
and not physical actions, Brown and Worley suggested that the semi- 
permeable coat of the barley grain permitted only simple water mole- 
cules (‘hydrone’) to penetrate it and that raising the temperature in- 
creased the proportion of hydrone molecules at the expense of the more, 
complex water molecules of which water, on this view, is supposed to be 
partly composed. Shull pointed out that if this idea were correct it 
should apply to all semi-permeable membranes, including those of 
Xanthium pennsylvaticum. As the temperature coefficients actually 
found in this case were less, being between those characteristic of 
physical and those characteristic of chemical reactions, Shull’s conclusion 
was that absorption is not conditioned by a single chemical change 
such as the simplification of water molecules with rise in temperature, 
but that both physical and chemical changes affecting water absorption 
take place as the temperature rises, the chemical changes occurring in 
the colloidal material in the seed. This would also explain the different 
temperature coefficients obtained with different samples of seed of the 
same species, as, on account of a different history prior to the experi- 
ment, the colloidal condition of the seeds of the two samples might be 
different. 

Because a seed can absorb water it does not follow that it is capable 
of germination. The materials of dead seeds may absorb water by 
imbibition, while in many species the seed coat is a semi-permeable 
membrane so that a solution contained within it will absorb water by 
osmosis whether the cells containing the solution are themselves pos- 
sessed of semi-permeable membranes or not. Such semi-permeable coats 
have been described in barley, horse-chestnut, Xanthium pennsylvaticum 
and a number of other species. On the other hand, failure of a seed to 
absorb water does not necessarily mean that it has lost its viability, 
that is, its capacity to germinate. Many seeds possess hard coats 'frhich 
for a considerable length of time remain completely impermeable to 
water. The Leguminosae include many such species, among which may 
be cited those of Vlex, Robinia, Acacia, Gleditschia, Trifolium, Medicago 
and Lathyrus, As examples among plants of other families may be 
particularly mentioned Polygonum, Spergula, Canna and many palms. 
Varieties of the same species may exhibit differences in respect of 
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impermeability of the seed coat to water, a fact which will be familiar 
to growers of sweet peas (Lathyrus odoratus). 

An experiment made by Nobbe illustrates the length of time that 
such seeds may remain viable while the seed coat remains impermeable 
to water; it also illustrates the great variability among different in- 
dividuals of the same species. In this experiment 400 seeds of Robinia 
were allowed to remain in contact with water. After about a year ten 
of these seeds had swollen and germinated, after another year one more 
seed, and during a third year two more seeds germinated. The experi- 
ment was continued for 82 years and at the end of that period seeds 
were still occasionally swelling and germinating. 

Such hard-coated seeds absorb water at once when a portion of the 
seed coat is removed by filing or chipping it. In some cases immersion 
of the seeds in concentrated sulphuric acid for a certain time renders the 
seed coat permeable to water, and, if the immersion has not lasted too 
long, the seeds are still capable of germination. In other cases treatment 
with hot water will bring about the same result. It is extraordinary 
what exposure to high temperatures such seeds are sometimes capable 
of withstanding. Thus Schneider-Orelli found that seeds of Medicago 
denticulate and M. arabica are not injured by immersion in boiling 
water for 7£ hours. On the other hand, Honing found that the hard- 
coated seeds of Crotolaria striata are injured by exposure to water at 
temperatures above 50° C, while seeds of Albizzia moluccana may be 
damaged by treatment with water at 80° to 100°, although the percentage 
commencing to germinate may be higher than at lower temperatures. 
For this species 60° appears to be the best temperature for obtaining 
germination without damage, while 70° appears to be the best tempera- 
ture for seeds of Pithecolobium saman and Mimosa invisa. 

Temperature. It is a matter of common knowledge that seeds only 
germinate within a certain range of temperature. If the temperature 
is too low or too high germination does not take place even if other 
conditions are suitable. What determines the limits of the temperature 
range for the germination of any particular species is not always clear. 
Frequently the lower limit is in the neighbourhood of 0° C., and it might 
be supposed that withdrawal of water by freezing reduces or removes 
the supply of this necessary substance and so fixes the lower limit of 
temperature. This may be the explanation in some cases, but it cer- 
tainly does not explain all, as quite frequently the lower limit of tem- 
perature at which germination takes place is considerably higher than 
the freezing-point of water; for example, in some species of the Cucurbi- 
taceae it is as high as 18° C. The upper limit of the temperature range 
is probably determined by some effect of comparatively high tempera- 
ture on some cell constituent, as, for instance, denaturing of proteins. 
This upper limit of temperature, like the lower limit, shows considerable 
variation among different species, a fact which is not surprising as the 
proteins and other constituents of different species show considerable 
differences in their resistance to higher temperatures. 
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Within the range of temperature over which germination takes place 
the rapidity of germination is much influenced by temperature. As with 
other plant processes, the conception of three cardinal points, the 
minimum, optimum and maximum temperatures, has been applied to 
germination, the minimum temperature being the lowest at which ger- 
mination takes place, the maximum the upper limit of the temperature 
range for germination, and the optimum that temperature at which 
germination is most rapid. The cardinal points for temperature in 
regard to the germination of a number of species, as determined by 
Haberlandt, were recorded by Detmer. A selection of these results is 
given in the accompanying table. It has already been pointed out that 
the conception of an optimum is not very helpful in the consideration 

TabU LX1V 

Cardinal Points of Temperature in regard to Germination 
of Seeds in Degrees Centigrade 


Species 


Minimum 

Optimum 

Maximum 

Wheat . 


0-4-8 

25-81 

31-87 

Rye . . . 


0-4-8 

25-81 

31-87 

Barley . . . 


0-4-8 

25-31 

81-37 

Oat .... 


0-4 7 

25-31 

31-37 

Maize • 


4-8-10-5 

37-44 

44-50 

Millet . . . 


4-8-10 5 

37-44 

44-50 

Hemp . 


0-4-8 

37-44 

44-50 

Buckwheat. 


0-4 8 

25-31 

37-44 

Sunflower . 


4 8-10 5 

31-37 

87-44 

Flax 


0-4-8 

25-31 

31-37 

Red Clover. 


0-4-8 

81-37 

87-44 

Pea .... 


0-4-8 

25-81 

81-37 

Lucerne 


0-4-8 

31-37 

87-44 

Melon . 


15-6-18 5 

81-37 

44-50 

Pumpkin 


10-5-15 6 

87-44 

44-50 

Cucumber . 


15-6-18-5 

31-37 

44-50 


of comparatively simpler processes such as photosynthesis where it is 
clear that an apparent optimum temperature results from the com- 
bination of a pure temperature effect on the process and a secondary 
effect of higher temperature on some constituent or constituents of the 
cell. Germination is a very much more complex matter, but undoubtedly 
the apparent optimum here also results from the combination of a 
secondary temperature effect on the cell constituents with the pure 
temperature effect on germination. It is therefore to be expected that 
at high temperatures there will be a falling off in the rate of germination 
with time. If, however, we define the optimum temperature for ger- 
mination as the highest temperature at which the process continues 
unaffected by a time factor, the term ‘optimum’ may have a definite 
value, provided no other condition is acting as a limiting factor. The 
values obtained by Sachs, Haberlandt and others may be such, as in 



GERMINATION OF SEEDS 


871 


the majority of species limiting factors are much less likely to be opera- 
tive in laboratory experiments on germination than in experiments on 
some other plant processes. 

At the same time it must be emphasized that the cardinal points 
must of necessity be approximate, as was realized fully by Pfeffer sixty 
years ago. It is not easy to determine rates of germination as distinct 
from rates of swelling. In practice rates of germination at different 
temperatures are compared by counting in a sample the number of seeds 
in which the radicles have appeared through the testas after different 
periods of time. The method is clearly very approximate, but it serves 
for determining cardinal points. On the other hand, there is very con- 
siderable individual variation among seeds belonging to the same species 
or even variety, while according to various workers the minimum tem- 
perature for germination depends on the conditions under which the 
plant from which the seeds were obtained grew. The possibility of the 
influence of other conditions, as already mentioned, must not be over- 
looked. 

It will be observed from Table LXIV that the temperature range for 
germination varies for different species, both in regard to its position and 
its extent. On the whole the cardinal points are lowest for plants of 
arctic and alpine habitats and highest for tropical species. 

Within the temperature range for germination the rate of germina- 
tion increases with increase in temperature provided no other condition 
is limiting the rate. At temperatures higher than the optimum, as defined 
above, the rate of germination is almost certainly initially higher the 
higher the temperature, but falls off with time, more rapidly the higher 
the temperature. Owing to the practical difficulty of measuring ger- 
mination rate this view is difficult of exact experimental confirmation, 
but there is no reason to doubt its truth. 

It is easy to understand that germination should be accelerated by 
increase in temperature. Among the processes involved in germination 
are diffusion of water into the seed, enzyme actions and diffusion of 
mobile substances from one part of the seed to another. All these are 
processes accelerated by rise in temperature. 

Light. The influence of light on germination is very varied. With 
possibly the majority of species it would appear that light is without 
influence on germination, and it was at one time thought that this 
applied to all seeds, a view championed by Nobbe even after exceptions 
to the rule had been recorded. Seeds the germination of which is un- 
influenced by light may be described as light-indifferent ; so far as we 
know at present most seeds of agricultural importance^ belong to this 
category. However, as long ago as the year I860 Caspary recorded 
that the germination of seeds of BuUiarda aquatica ( TiUaea aquatica), 
a member of the Crassulaceae, was strongly favoured by light, and 
18 years later Wiesner found that the germination of the seeds of mistle- 
toe was favoured by light. Since then a vary considerable number of 
species with such ‘light-sensitive’ seeds have been recorded by various 
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workers, particularly by Kinzel. Later it was discovered that there 
were seeds the germination of which was retarded or prevented by light, 
the first recorded case of which appears to be that of the seeds of PhaceUa 
tanacetifolia described by Remer in 1904; such seeds may be termed 
‘light-hard’. Among light-sensitive seeds are those of various species of 
Epilobium and Rhododendron, Pinguicula vulgaris, Ficus aurea, Lythrum 
salicaria and many members of the Gesneriaceae. Whereas nearly 
related species often show similarity of behaviour in regard to light 
sensitivity, this is not necessarily so. Thus, although as noted, above, 
the seeds of Viscum album are sensitive to light, those of tropical species 
of Viscum do not require light for germination. Again, most species of 
Veronica possess light-sensitive seeds, but at least one species of this 
genus, V. tournforiii, has seeds which are light-hard. Other species 
described as having l ight-har d, seeds are Nigella saliva, Phlox Drum- 
mondii , Nemophila insignts^ Whitlavia grandiflora, Allium spp.. and 
many members of the Amarantaceae. Thus Lehmann found that at* 
21° C. about 75 per cent, of a sample of seeds of Nemophila insignis ger- 
minated in the dark within 8 days, whereas only 1 or 2 per cent, ger- 
minated in the light (of intensity about 150 metre candles) in the same 
time. 

In some cases the quantity of light necessary to bring about the 
germination of a light-sensitive seed is very small. The seeds of tobacco 
jjare regarded as light-sensitive, but an exposure of the fully swollen 
seeds to diffuse light for one hour is sufficient to promote germination. 
Even more striking is the case of Lythrum salicaria investigated by 
Lehmann. In darkness at 80° C. only 6 or 7 per cent, of a sample of 
the fully swollen seeds germinated within 24 hours and this percentage 
was found not to have increased appreciably after a period of 7 days. 
But exposure to a light-intensity of 780 metre candles for only 0-1 second 
was sufficient to give a germination of 50 per cent, of the seeds of a 
sample within 24 hours. 

It is very clear that the influence of light on" germination must be 
considered in relation to other factors. Among those which can pro- 
foundly influence 'the effect of light are the age of the seed (the degree 
- of ‘after-ripening’), temperature, temperature variation during germin- 
ation, and the nature of the substratum. Other factors which may some- 
times have an effect are the condition of the seed coat (for example, 
whether ruptured or not), pressure of oxygen and pressure of carbon 
dioxide. 

With regard to the influence of after-ripening, as a rule the per- 
centage of germination increases for a time with age of the seed, both 
in light and in darkness; and the percentage of seeds of a light-sensitive 
species germinating in the dark may approach more nearly the figure 
for those germinating in the light in the case of older seeds than in that 
of freshly harvested seeds. 

As regards temperature, Lehmann concluded from a number of 
experiments earned out with both light-hard and light-sensitive seeds, 
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that within the temperature range of germination a higher temperature 
furthers the germination of light-sensitive seeds in the dark, while with 
light-hard seeds a lower temperature favours germination in the light. 
Two examples, one of a seed light-hard at ordinary laboratory tempera- 
tures, the other of a seed light-sensitive at such medium temperatures, 
may be quoted from among Lehmann’s observations. These are Nemo- 
phila insignia (light-hard) and Epilobium hirsutum (light-sensitive). 
The results are summarized in the accompanying table: 

TabU LXV 

Influence of Light and Temperature on the Germination of Light-hard 

and Light-sensitive Seeds 


Species 

Temperature in 
degrees Centigrade 

Light intensity in 
light experiments 
in metre candles 

Perce 

germia 

light 

ntage 
ation in 

dark 

Nemophila insignis . 


10-11 



81 

91 5 

» »* • 


10-11 

— 

87 

87*5 

»* »> • 


21 

145-155 

15 

745 

99 99 


22-24 

160 

0 

845 

M »> 


81 

160 

0 

0 

Epilobium hirsutum 


20 

145-155 

78 

7-5 

99 99 


22-24 

145 

605 

8 

99 99 

• • 

22-24 

175 

58 

— 

99 99 


81 

145 

67-5 

58-5 

M 99 


81 

175 

61*5 

— 


However, the relation between light and temperature in regard to 
the germination of light-sensitive and light-hard seeds cannot be stated 
generally in such simple terms. From the point of view of temperature 
influence, light-sensitive seeds alone appear to comprise at least five 
different types. These are as follows: 

1. Light brings about the germination of the seeds in low tempera- 
tures, while in the dark germination can be brought about by subjecting 
the seeds to comparatively high temperature. It is important to note 
that' with this type of seed germination will also take place in the dark 
if the high temperature is not constant but if instead the seeds are sub- 
jected to alternations of high and low temperature. Epilobium hirsutum 
and Veronica longifolia are species with seeds of this type. 

2. The second type of seed is represented by those of Poa pratensis. 
These seeds are light-sensitive, germinating well at comparatively low 
temperatures, but unlike the seeds of the first type germination in the 
dark is not improved by exposure to constant high tqmper&ture. On 
the other hand, the seeds, like those of the first type, germinate in the 
dark if subject to alternation of relatively high and relatively low 
temperatures. 

8. Seeds of the Gesneriaceae constitute a third type. These seeds 
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germinate in the light at low temperature, whether kept constant or 
not, and also if exposed to alternation of high and low temperatures. 
They appear to germinate not at all in the dark, neither with constant 
temperature nor when subjected to temperature variations. 

4. The seeds of Ranunculus sceleratus, investigated by Gassner, be- 
have differently from any of those already described. So long as the 
temperature remains constant the seeds of Ranunculus sceleratus do not 
germinate either in the light or in the dark. With variations of tempera- 
ture, however, the seeds appear to be light-sensitive, germination then 
being very considerably furthered by light. Moreover, it was found 
that the exposure to light and to varying temperature need not be 
contemporaneous in order to produce maximum germination. If the 
seeds were first exposed to light at constant temperature and then to 
alternations of high and low temperatures in the dark, germination 
resulted as satisfactorily as if the light and varying temperatures had 
synchronized. Moreover, it was found that the seeds could be dried 
between the period of illumination and the exposure to alternations of 
temperature, and the germination capacity remain unimpaired. 

5. Lastly, among light-sensitive seeds is to be mentioned the curious 
case of the grass Chloris ciliata, also investigated by Gassner. When 
seeds of this species are supplied with distilled water only, light furthers 
germination at higher temperatures (83°-84° C.), but retards germina- 
tion at temperatures below 20° C. At intermediate temperatures, namely, 
those about 22° C., the seeds are indifferent to light as regards germina- 
tion. 

Light-hard seeds have been less fully investigated than have light- 
sensitive seeds, but it seems probable that the temperature-light rela- 
tions may be as varied with them as with the latter. 

The behaviour of light-sensitive and light-hard seeds may be pro- 
foundly influenced by the nature of the substratum. A number of cases 
have been reported in which light-sensitive seeds can be made to ger- 
minate in the dark if treated with certain substances, notably proteolytic 
enzymes, weak acids, nutrient solutions and particularly the nitrogen- 
containing constituents of these. At one time it was stated that the 
action of light could be replaced by that of these substances, but it is 
extremely doubtful if such a simple method of expression represents the 
actual state of affairs. Gassner found treatment with Knop’s solution 
could bring about germination of seeds of R. sceleratus exposed to 
alternation of high and low temperatures, indicating that the nutrient 
solution acted in the same direction as light. The effects of light and 
the nutrient solution were, however, additive. This result is clearly 
shown in Table LXVI. A similar additive effect of light and nitrate was 
observed with Chloris ciliata at higher temperatures. At lower tempera- 
tures, however, where light reduces germination, nitrates further it, so 
that here the two factors work against one another. Lehmann found 
similarly that in seeds of Veronica tournfortii, whereas light retards 
germination, potassium nitrate favours it. 
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Table LXV1 

Germination of Seeds of Ranunculus sceleratus on Different Substrata 
(The seeds exposed daily to temperatures of 10° for 4 hours and 28° for 20 hours) 

Percentage of 


Substratum 



Lighting Conditions 

Germination 

Distilled water 

. 


. Dark 

0-7 

»» 

99 

. 

• 

. Daylight 

28 

Knop’s solution 

. 

. 

. Dark 

55 

»» 

99 

. 

. 

. Daylight 

86 


Experiments, chiefly by Lehmann and his collaborators, show that 
dilute solutions of acids (N/200-N/1000) will further germination of 
light-sensitive seeds in the dark. 1 They find, however, with seeds of 
Lythrum salicaria that in complete darkness and constant temperature, 
treatment with acid has little or no effect on germination. If, however, 
the seeds are subjected to temperature variation, or to light, then the 
germination is much increased by treatment with acid. In this case, 
therefore, acids do not replace the action of light or of varying tempera- 
ture, but act as sensitizers, increasing the effect of these factors. Nitrates 
are supposed to act in the same way as acids. This view cannot, obvi- 
ously, be regarded as of general application, for it cannot possibly hold 
for those cases in which nitrates and light act in opposite directions. 

What the action of light is in the germination of light-sensitive and 
light-hard seeds is not at all clear, but it seems extremely probable that 
no one single explanation can be found for all cases. Three theories of 
the action of light in germination have been put forward. On the first 
view light acts as a stimulus, on the second as a catalyst, while on the 
third view it is supposed that during germination an ‘inhibition prin- 
ciple’ forms, and this is suppressed by light, so that, in the case of light- 
sensitive seeds, germination can only proceed when light or some other 
factor suppressing the inhibiting principle is present. On this view, due to 
Gassner, the favourable influence of ligfct on germination in certain seeds 
is the result of an inhibition of an inhibition. 

Lehmann originally regarded the action of light as a stimulus, that 
is, as releasing an action or chain of actions within the seed. Against 
this view Gassner has marshalled a number of arguments. In the first 
place the relation between the magnitude of the quantity of light and the 
germination resulting does not follow the Weber-Fechner law (see 
Chapter XIX) characteristic of many stimulus actions. But it is well 
known that with many stimuli the Weber-Fechner law is not obeyed 
and at best it is only an approximation which holds over a very limited 
range. It does indeed seem very possible that in the seeds of Lythrum 

1 Care has to be exercised in carrying out experiments on the germination of 
seeds in presence of acid, as a condition known as ‘false germination* may be 
produced in which, owing to swelling of the seed and rupture of the seed coat, 
the radicle comes to project through the testa, although germination has never 
commenced. Often in such cases the seed has actually been killed by the action 
of the acid, although the appearance is that of a germinating seed. 

25 
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salicaria, where a very small light quantity is sufficient to release the 
germination process, the light acts as a stimulus. On the other hand it 
seems fairly clear that with Ranunculus sceleratus and Chloris ciliata the 
reaction of the seeds to light cannot be the result of a stimulus alone. 
The fact that the action of light can remain latent, even while the seeds 
are dried, and then have effect in the dark when varying temperature is 
applied, indicates, as Gassner pointed out, that some other explanation 
must be sought in these instances. 

That light acted as a catalyst in certain light-sensitive seeds was 
held by Lehmann. Enzymes play a considerable part in germination, 
'and since in some seeds it had appeared that the action of light could 
be replaced by enzymes or by acids which also act catalytically in the 
hydrolytic actions taking place in germinating seeds, it seemed likely 
that light might also act catalytically. This explanation obviously will 
not suffice as it stands for those seeds in which the action of the acid is 
not to replace light, but merely to increase its action. Also in Ranunculus 
sceleratus and Chloris ciliata acids do not act as rcleascrs of the germin- 
ation processes, although nitrates do. But Gassner showed that in these 
the nitrate does not enter the seed, the testa forming a layer impermeable 
to the salt. If the nitrate acted as a catalyst in these instances it could 
only do so by penetrating into the seed. Gassner also pointed out that 
Lehmann found removal of the seed coat rendered the light-sensitive 
seeds he investigated capable of germination in the dark. It is thus 
possible that the action of acid is to alter the condition of the teste, so 
that it is more permeable. This was found to be so with the seeds of 
Alisma, where the favourable action of acids in regard to germination 
was traced by Crocker and Davis to an action on the testa. 

Gassner’s view of the action of light on the germination of the 
seeds of Chloris ciliata is that in germination some inhibiting principle is 
produced outside the seed proper (embryo and endosperm). Evidence for 
this is found in the fact that nitrates and light act in the same direction 
(at higher temperatures) and tlfe nitrates do not enter the seed. How 
light and nitrates destroy or damage this inhibiting principle, or, indeed, 
what is the nature of the inhibiting principle, is not clear. It might be 
the presence of a layer possessing some characteristic chemical or 
physical property, or some change in the substratum produced by the 
diffusion out from the seed of certain substances. That substances do 
diffuse out from germinating seeds and seed coats is certain. 

It is quite possible that the mechanism of the action of light is 
different in different species, just as the result of the action of light is 
different. It may be noted that in general those seeds the germination 
of which is affected by light are small ones, but the significance of this, 
if any, is not clear. It is true that for the processes of growth involved 
in germination food materials stored in the seed are required and in 
small seeds these are small in amount and consequently the seedling 
has to assimilate its own carbon dioxide at a very early stage. Kinzel 
observed that during the germination of the light-sensitive seed of Poa 
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pratensis chlorophyll develops even before the rupture of the seed coat, 
and thought the necessity for light might be traced back to this. But 
the interaction of light, temperature and composition of the substratum 
make it clear that the need for light cannot be connected in general with 
the production of chlorophyll and need for early photosynthesis, since 
in a number of cases so-called light-sensitive seeds can be brought to 
germinate in the dark, and the seeds of Poa ■pratensis are among these. 
Generally it is only after the germination stage can be considered over 
that the resulting seedling has to fend for itself and light becomes a 
necessity for nutrition. 

It has been suggested by Kummer that the content of fatty acid in 
the seed may have something to do with its light-sensitivity. He found 
that a number of grass seeds possess a relatively high content of fat 
(4 to 26 per cent.) and that of these seeds those with a high content of 
fatty acid (e.g. Trisetum flavescens, Alopecurus pratensis, Holcus lanatus 
and Aira flexuosa) germinate readily in the dark, whereas those in which 
the fatty acid content is low, namely, Koeleria cristata, Anthoxanthum 
odoratum, Dactylis glomerata, Poa trivialis and P. pratensis, generally 
germinate in the dark with difficulty. Moreover, other light-sensitive 
seeds containing fat, such as those of Nicotiana tabacum, Lythrum 
salicaria and Epilobium roseum also possess a low content of fatty acid. 
Kummer therefore thinks that light-sensitivity is related to the quantity 
of fatty acid in such seeds, although he admits that other factors are 
doubtless operative. If there is anything in Rummer’s suggestion it 
would appear that the effect of light in the case of certain fat-containing 
light-hard seeds might be to bring about the formation, or increase in 
concentration, of lipase, and so further the mobilization of reserves. 

Oxygen. A supply of oxygen is a necessity for germination. Thus no 
germination takes place as a rule in the case of seeds submerged in 
water, particularly if the water is free from air; if the latter condition 
is maintained, even the seeds of water plants for the most part fail to 
germinate. 

The capacity of seeds for germinating under water has been examined 
by Morinaga, who tested seeds belonging to 78 different genera. He 
found that in two genera seeds germinated better under water than on 
damp filter paper, in 18 genera germination under water was as good 
as on filter paper, and that altogether seeds of 43 of the 78 genera were 
capable of germinating under water. If the water was kept in contact 
with pure oxygen instead of air, so that the concentration of the oxygen 
in the water was increased, the number of genera in which seeds could 
germinate in the water was somewhat increased. On the whole small 
seeds were found to germinate more readily under water than were large 
ones. 

The germination of seeds at too deep a level of the soil may be pre- 
vented because of the extremely slow diffusion of oxygen from the upper 
soil level and atmosphere to the seeds. 

The necessity for oxygen for germination is readily understood. 
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During this process growth takes place rapidly, inasmuch as cells swell 
and divide actively and consequently respiration, involving intake of 
oxygen and output of carbon dioxide, proceeds actively. 

It is curious that with some seeds a reduction in the partial pressure of 
the oxygen in the air leads to a more rapid germination. Thus Morinaga 
found that when 40 to 80 per cent, of the air was replaced by hydrogen 
or nitrogen about 96 per cent, of a sample of seeds of Typha latifolia 
germinated within 4 days, whereas in normal air no germination took 
place at all within this time and only 8*8 per cent, in 10 days. In com- 
plete absence of oxygen, however, no germination took place. This 
result is all the more curious as, when the seed coats are removed, 
germination takes place readily over a wide range of partial pressures 
of oxygen (from 1 to 90 per cent, of the normal oxygen partial pressure). 
Possibly oxygen reacts with some constituent of the seed coat when 
this is wet to produce a substance or layer which retards germination. 

Various Substances. From what has already been said with regard tp 
the influence of the substratum on the germination of light-sensitive 
seeds, it is obvious that various substances can have a profound effect 
on germination. This is so, quite apart from the special case of light- 
sensitive seeds. A few cases of special interest may be mentioned here. 

(a) Water Plants. A. Fischer observed that mature seeds of a number 
of water plants such as Sagittaria sagittifolia, Alisma plantago-aquatica, 
Hippuris vulgaris, and various species of Potamogeton, Scirpus and 
Sparganium, do not germinate in pure water but do so readily in impure 
water containing bacteria. He thought that excretions from the bacteria 
might lead to the germination of the seeds and so examined the influence 
of various acids and alkalies on germination of the seeds concerned. 
As a result he found that a number of acids (lactic, malic, oxalic, hydro- 
chloric, sulphuric, nitric) and alkalies (potassium and sodium hydroxides) 
in dilute solution bring about the germination of these seeds. 1 Thus out 
of a sample of 1,400 seeds of Sagittaria sagittifolia there was no single 
case of germination during several months in water, whereas in 0 045 per 
cent, lactic acid 84 per cent, of a sample germinated within 29 days. 
It is interesting to note that with rice Nagai found germination best 
in distilled water, acids and alkalies having no beneficial effect. 

(b) Parasites. It is stated that seeds of various root parasites, 
Orobanche, Lathraea and Tozzia (a hemi-parasite) germinate only in the 
neighbourhood of the roots of their respective hosts. The conclusion 
appears inevitable that certain substances diffuse from the roots of the 
host, possibly from dead or dying outer cells, and further the germination 
of the seeds of the parasite. 

(c) Orchids. The germination of orchid seeds has been a subject of 
interest to botanists and horticulturists for more than a century. The 
view is generally held that these seeds only germinate, or at any rate 
only produce seedlings, when a fungus, of a species depending on the 

1 W. Crocker thinks it extremely doubtful that the slightly favourable action 
of fUngi and bacteria is due to acid action. 
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species of orchid, is present. This question has been dealt with earlier 
(Chapter XIII) and will therefore not be further discussed here. 

DORMANCY 

In discussing the influence of light on germination reference has 
already been made to a number of cases of seeds which, given the normal 
conditions requisite for germination, such as a suitable temperature, a 
supply of water and access of oxygen, nevertheless fail to germinate 
unless subjected to a certain amount of light or to some other special 
condition or conditions such as variations of temperature or the presence 
of certain substances in the substratum. Failing these special conditions 
the seeds remain alive but dormant. Such a condition of ‘dormancy’ is 
met with fairly frequently and may often not be related to conditions of 
illumination. In such cases the freshly harvested seeds do not germinate 
under ordinary conditions for germination, but do so after the lapse of 
a certain time. Indeed, in species growing in temperate climates it ap- 
pears to be commoner for the seeds to undergo a rest period before be- 
coming capable of germination, than for them to have the capacity for 
germinating immediately they are shed. In other species the seeds will 
germinate if sown immediately after maturing, but if not sown then they 
only germinate after a more or less prolonged rest period. Thus seeds of 
Taxus will germinate if sown at once; otherwise germination is delayed 
for from two to four years. We can thus distinguish between primary 
and secondary dormancy. Dormancy is absent as a rule from seeds of 
cultivated species of agricultural importance. 

The problem of dormancy in seeds has been the subject of very con- 
siderable investigation by Crocker and his school. It is clear from their 
researches that the dormant condition may be brought about by a variety 
of causes. Crocker considers that a condition of primary dormancy in 
seeds may arise in at least five different ways, and that in some seeds two 
or more types of dormancy may be combined. These five types of 
primary dormancy are as follows:^ 

1. Immaturity of the embryo. In some seeds the embryo when the 
seed is shed is immature and it has to undergo further development before 
germination can take place. This further development takes place when 
the seeds are brought into conditions favourable for germination and may 
involve a period of a few days or many months. This type of dormancy 
is found in most of the large groups of seed plants including gymnosperms 
( Ginkgo biloba, Gnetum gnemon), dicotyledons ( Ranunculus ficaria, Cory- 
dolts cava ) and monocotyledons ( Paris quadrifolia, HymenocaUis speciosa). 
The accompanying table indicates the variation in time required by the 
embryos of different species exhibiting this kind of dormancy to com- 
plete their development under conditions favourable for germination. 
The times given are naturally approximate as they will vary with tem- 
perature and possibly other conditions, and also to some extent with the 
individual. 
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Table LXVII 

Time required for Immature Embryos to complete 
their Development 

Species Time 

Caltha palustris . . .10 days 

Clematis vitalba . . . 17 „ 

Anemone hepatica ... 2 months 

Fraxinus excelsior . . . 4 „ 

Corydalis cava . . . 10 ,, 

2. The seed coat is impermeable to water. The phenomenon presented 
by hard-coated seeds in which the testa is impermeable to water has 
already been noted when the question of water absorption by seeds was 
discussed. It was there pointed out that many hard-coated seeds are met 
with among the Leguminosae, although they occur also in other families, 
notably in Cistaceae and Malvaceae. The coats of such seeds gradually be' 
come permeable to water with storage, very slowly as a rule when stored 
dry, less slowly when kept under conditions favourable to germination, 
and apparently most rapidly when subjected to the very varying condi- 
tions of the normal environment. The length of time taken for the im- 
permeability to disappear also varies with the individual as well as with 
the species; the individual variation in this respect is indicated by the 
results of the experiment recorded by Nobbc described earlier. Means by 
which this kind of dormancy may be removed have already been men- 
tioned. According to Verschaffelt, in the Leguminosae the micropyle 
remains open in the seed and water fails to enter by this channel because 
it cannot wet the walls of the micropyle. Treatment with alcohol renders 
certain of such seeds capable of absorbing water, but as the action is 
negligible or non-existent in many members of the Leguminosae Crocker 
thinks Verschaffelt’s explanation can only apply to some, and not all, 
species. The impervious layer (or layers) apparently varies in different 
species; information on this point is not definite and opinions expressed 
are controversial. 

8. The force exerted by the swelling seed is insufficient to rupture the 
seed coat. This type of dormancy must be sharply distinguished from the 
last type. The seed coat is readily permeable to water and, indeed, water 
absorption takes place readily up to a point. If the coat is removed the 
embryo grows readily, never at any time exhibiting a dormant peribd. 
Such seeds, investigated by Crocker and Davis, are those of Alisma 
plantago-aquatica and Amaranlhus retrofiexus. Seeds of the former, when 
kept dry, will remain dormant for years, whereas those of the latter under 
similar conditions lose their dormant condition in a few months, no doubt 
on account of changes in the testa, although when remaining moist in the 
soil and so partially or fully imbibed with water, they may remain dor- 
mant for many years. The methods suitable for removing dormancy from 
hard-coated seeds are for the most part applicable to seeds exhibiting 
this third kind of dormancy: that is, mechanical injury to the seed coat 
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or treatment with sulphuric acid. A variety of acids and alkalies in vari- 
ous concentrations may also be effective. It is possible that the seeds of 
Sagittaria sagittifolia already mentioned in connexion with the action 
of substratum on germination may be seeds exhibiting this type of 
dormancy. 

4. The seed coats are relatively or completely impermeable to oxygen. 
The seeds of this type which have been most fully investigated are those 
of species of Xanthium. If the oxygen supply to the seed is limited, 
respiratory processes which play so prominent a part in germination are 
also limited. Along with the limitation of oxygen may also go a failure 
of respiratory carbon dioxide to leave the seed, and this will also tend to 
repress respiration. Removal of the testa allows germination to proceed 
readily, while the same result may be obtained by increasing the oxygen 
pressure outside the intact seed. When stored dry, or under natural con- 
ditions, the permeability of the testa to oxygen gradually increases. 

It is possible that the dormancy of the seeds of Chloris ciliata, already 
noticed as a light-sensitive seed, may, in part at least, be due to a limited 
supply of oxygen conditioned by the seed coverings. Gassner found that 
the glumes retarded the entrance of oxygen. After-ripened seeds (see 
below) of Chloris before removal of the glumes, at high temperatures 
(33° C.) germinate much better in the light than in the dark, whereas 
after removal of the glumes the seeds germinate equally well in the light 
and dark. It would appear that here light has an effect on the glume, 
rendering it more permeable to oxygen. It is possible that the effect of 
light may be to lower the minimum oxygen pressure necessary for germ- 
ination as was found to be the case with the action of high temperature 
on the seed of Xanthium. But the relations in the case of Chloris are 
obviously very complex, for at medium temperature (22° C.) seeds from 
which the glumes have been removed germinate better in the dark than 
in the light. 

The curious case of Typha in which removal of the seed coat leads to 
germination, but in which reduced oxygen pressure has the same effect 
on the intact seed, has already been noted. 

The dormancy of the seeds of Asystasia gangetica, a shrubby member 
of the Acanthaceae, according to Akamine, is probably due to imperme- 
ability of the seed coat to gases. The seeds of this species normally 
germinate only after a period of about 185 days at room temperature. 
Removal of the seed coats results in 75 per cent, germination at room 
temperature, and as the coats are readily permeable to water it is sug- 
gested that restriction of gaseous exchange in respiration is responsible 
for dormancy. The dormant condition can be removed by subjecting the 
seeds to alternations of high and low temperature. During the first week 
after maturation of the seed daily alternations of temperature involving 
8hoursatroomtemperature(20'8°-28° C.) and 16 hours at 86° C. brought 
about germination. During the next week the alternations had to be more 
severe (6*6°-10-2° C. and 86° C.). After that the difference between the 
high and low temperature necessary for germination to result became 
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less with age, until by 185 days the seeds would germinate without sub- 
jection to alternating temperatures. That a less drastic treatment is re- 
quired during the first week is no doubt due to the seed coats not having 
completely dried by that time. 

v 5. After-ripening of the embryo is necessary. In seeds exhibiting this 
kind of dormancy the embryo fails to germinate after removal of the seed 
coat even when supplied with all the normal conditions for germination. 
Certain changes have to take place in the embryo or part of it before 
germination can take place. This type has to be distinguished from that 
in which dormancy is due to morphological immaturity of the embryo, 
for in the latter type the embryo has to undergo morphological develop- 
ment, whereas in the type of dormancy under discussion the embryo 
appears to be fully formed, but has to undergo certain chemical and 
physical changes. The seed of this type that has been most fully investi- 
gated is that of Crataegus mollis, investigated by Davis and Rose and by 
Eckerson. The temperature most favourable for after-ripening is 5°*in 
this seed, but the time required for after-ripening depends very greatly 
on the presence or absence of seed coverings. Thus instead of the 8 or 
4 weeks required for after-ripening in the case of the detached embryo, 
as many months are required when the testa only surrounds the seed, 
and more than a year when the stony endocarp is present as well. Apple 
seeds also belong to this class although the dormancy is much less 
pronounced. 

It was found that after-ripening could be hastened and so the dor- 
mant condition removed, by treatment with acids, this treatment appar- 
ently bringing about a change in reaction of the hypocotyl in the acid 
direction such as is characteristic of normally after-ripened seeds. 

It is possible that in some light-sensitive seeds we have to do with 
dormancy of this type in which light brings about or hastens after- 
ripening processes. On the other hand in some cases, at any rate in that 
of Chloris ciliata, the action of light is on the seed coats and the type 
of dormancy is one of the others previously described or some different 
kind altogether. 

Secondary Dormancy. It was mentioned above that some seeds will 
germinate when they mature, or if taken from the fruit before they are 
shed and brought into conditions favourable for germination, but that 
if this time is allowed to pass they will remain dormant for long periods. 
Seeds of some species or varieties of Primula, for example, behave in this 
way. The seeds pass over into a condition of so-called secondary dor- 
mancy. Such a condition may be produced in some seeds artificially. Thus 
Kidd and West found that when seeds of Brassica alba are exposed to high 
concentrations of carbon dioxide not only is the germination of the seeds 
inhibited, but the initial inhibition is followed by prolonged dormancy 
after removal of the carbon dioxide. Crocker and his co-workers found 
that secondary dormancy can be produced in seeds of Sorghum haleperue 
and Amaranthus retroflexus by exposure to temperatures below the mini- 
mum necessary for germination along with all other conditions required 
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for germination. According to Crocker, when secondary dormancy occurs 
in seeds capable of immediate germination, it results from exposing the 
seeds to the conditions necessary for germination with the exception of 
one essential condition or in presence of a substance inhibiting germina- 
tion or hardening the seed-coat colloids. In many cases the dormancy 
results from the seed coats becoming hard or impermeable to gaseous 
exchange. In the seeds of Brassica alba, however, Kidd and West think 
that the secondary dormancy is due to the passing of the tissues of the 
embryo into a stable condition and that a stimulus is needed to bring 
about a change in the state of this tissue equilibrium before germination 
can take place. In other species, where the dormancy results from modi- 
fication of the seed coats, rupture of the coats is sufficient to end the 
period of dormancy. This is, indeed, also the case with most of the seeds 
of a sample of fully swollen Brassica alba seeds, but Kidd and West 
regard the renewal of activity in these seeds as due to the stimulus of 
injury or shock involved in the removal of the coats with a fine sharp 
needle; if the seeds are not fully swollen the secondary dormancy persists 
after the removal of the coats. 

RETENTION OF VITALITY 

The question of dormancy in seeds is related to another, namely, that 
of the length of time during which a seed can remain dormant and yet 
retain its viability (see p. 368). This problem concerns not only seeds 
exhibiting dormancy, but all seeds, for it is well known that seeds of 
agricultural importance such as those of wheat and other cereals can be 
kept dry for a term of years and germinate at any time they are exposed 
to the ordinary conditions necessary for germination. The question re- 
solves itself into two parts: how long can the power of germination be 
retained, and how is it that seeds can retain their viability for long 
periods? 

With regard to the first question it is evident that the duration of the 
power of germination differs very greatly in different species. The seeds 
of some species of Oxalis (e.g. O. rubella and 0. pentaphylla) will germinate 
when fresh immediately after their release from the capsule, but drying 
kills them. Seeds of various species of Salix germinate within 12 hours if 
sown immediately after ripening, but if kept for a few days germination 
takes longer, while if kept for a longer time the power of germination is 
lost altogether. The seeds of Populus retain their viability for a longer 
period, but not for more than a few weeks. The seeds of many trees remain 
viable from the time of shedding in the autumn until the following spring; 
among such are those of the birch, elm, beech, and probably the oak. The 
seeds of some other trees retain their power of germination for longer 
periods; thus lime, maple, alder, Sorbus torminalis, hornbeam, larch and 
Weymouth pine ( Pirns strobus) possess seeds which retain their viability 
for from one to three years, while seeds of ash and Scots pine may remain 
viable for periods up to four years and spruce seeds up to five years. Seeds 
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of the commoner cereals can remain alive for longer periods still. Burger- 
stein found that samples of wheat and barley grains which had been kept 
in a drawer in paper packets germinated to the extent of from 70 to 90 
per cent, after 10 years’ storage in this way. Grains of rye, however, kept 
for the same time were found no longer capable of germination. 

The most striking record of the longevity of seeds is that furnished 
by a report made by Becquerel in 1907. He used seeds from the Paris 
Natural History Museum which had been collected and dried at various 
known dates, the youngest being 25 and the oldest 135 years old. Seeds 
of about 500 species belonging to 80 families were examined. It was found 
that on the whole the seeds of Leguminosae retained their vitality longest; 
the other families providing viable seeds were Nelumbiaceae, Malvaceae 
and Labiatae. The longest-lived seeds of all were those of Cassia bicapsu - 
laris ; three seeds out of a sample of ten 87 years old germinated. Other 
long-lived seeds were those of Cytisus biflorus (84 years), Stachys nepetae- 
folia (77 years), Trifolium arvense (68 years), Ervum lens (65 years), 
Lavatera pseudo-OUna (64 years), Nelumbium codophyllum (56 years), 
NelumJbium asperifolium (48 years). In 1935 Becquerel made a second 
examination of the germinative capacity of these seeds. He found that 
seeds of Cassia bicapsularis 115 years old germinated, as did seeds of 
Leucaena leticocephala 99 years old, seeds of Dioclea paudflora 93 years 
old and those of Mimosa glomerala 81 years old. He also examined the 
viability of seeds in the Adanson herbarium made during the reigns of 
Louis XV and Louis XVI. Among these he found two seeds of Cassia 
multijuga collected in 1776 which germinated readily when 158 years old. 
Other records of the germination of seeds more than a century old were 
recorded by Ewart who succeeded in germinating seeds of Goodia latifolia 
and Hovea heterophylla 105 years old. A great number of similar tests 
were also made by Ewart in Australia on old seeds mostly belonging to 
a collection sent out from Kew to Melbourne in 1856. He also found that 
the Leguminosae provided the majority of the cases of longevity. As 
long ago as 1850 R. Brown observed the germination of the seed of 
Nelumbium speciosum which had been stored for 150 years. 

More recently Ohga reported the finding of seeds of Indian lotus 
( Nelumbium nucifera) in a drained lake-bed in Manchuria which gave 
100 per cent, germination. The lake was drained at least 160 years, and 
probably more than 250 years, previously, and the seed must have been 
produced before the lake was drained. This appears to constitute the case 
of longest viability so far recorded for which the evidence appears sound. 
Cases of greater longevity of seeds are recorded from time to time, but 
the evidence is open to serious criticism. Tales of the germination of 
wheat found in Egyptian tombs and even in tombs a thousand or two 
thousand years old may be dismissed as erroneous; in such grains the 
embryo is always found to have suffered fatal injury. 

The seeds so far mentioned as exhibiting unusual longevity have one 
characteristic in common: they all possess hard coats which are imperme- 
able to water and, as Becquerel showed, are in some cases, at any rate. 
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impermeable to gases. Although undoubtedly longevity is exhibited prin- 
cipally by hard-coated seeds there is evidence that some other seeds 
without impermeable coats can, under certain conditions, remain dor- 
mant for many years. Thus there are many records of seeds buried in the 
soil at various depths being able to germinate when brought near the 
surface after the lapse of years. Perhaps the best-known observations of 
this kind are those of Peter who took samples of soil at various depths 
down to 24 centimetres from soil that had been woodland for a long time 
(20 to 46 years), but which had previously been arable. When such soil 
samples were brought into conditions favourable for germination a num- 
ber of weeds of arable land appeared and the obvious conclusion is that 
the seeds of such plants had remained dormant in the soil from the time 
when the land had been cultivated. Although various arguments have 
been advanced against accepting this conclusion, such as the possibility 
of the seeds being carried from neighbouring land by various agents and 
the possibility of the species remaining growing in the woodland as dwarf 
forms and so being overlooked, yet there seems no doubt that seeds of 
certain species, not necessarily hard-coated, can remain dormant and 
viable in the soil. Among such are various species of Brassica. Peter found 
that seed of Brassica sinapistrum (charlock) remained dormant in this 
way for 25 years; Kidd reported with regard to Brassica nigra (black 
mustard) that in Sussex ‘every farmer and labourer along the northern 
slope of the South Downs will give examples from his experience of the 
seeds sprouting in newly-ploughed land after they have lain dormant for 
years, while the land has been under pasture or hay’. This species is also 
included in a list of eight, seeds of which were found by Beal and Dar- 
lington in America to remain viable in soil for 30 years. Other species on 
this list arc Capsella bursa-pastor is, Setaria glauca and Stellaria media. 

We may conclude therefore that many seeds can remain dormant for 
a very considerable time, but sooner or later the power to germinate is 
lost. In seeking an explanation of longevity we have really to consider 
two cases. The majority of long-lived seeds are ‘hard’ seeds with coats 
impermeable to water and perhaps gases; these are seeds which remain 
viable in the dry condition. But also there are seeds of the type of Brassica 
nigra in which the coats are not impermeable and which retain their 
vitality in the soil and hence in a damp environment in which they must 
be more or less swollen with water. With hard seeds maintained in the 
dry condition the question at once arises whether any change whatever 
is taking place in the seeds during storage. Obviously if the state of 
the seed remains absolutely unchanged it should retain its power of 
germination indefinitely. But is such a state of static equilibrium pos- 
sible with living matter? Can respiration and the changes bound up with 
it cease altogether, to reappear when the seed is brought into conditions 
suitable for the development of the embryo? Or does respiration proceed, 
although extremely slowly, in such seeds? A definite answer to this ques- 
tion is scarcely possible. Becquerel did indeed show that the testa of these 
hard seeds is impermeable to oxygen and carbon dioxide at a certain 
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stage of desiccation, and that in consequence interchange of material 
between the embryo and the outer environment is prevented. Neverthe- 
less, respiration might proceed slowly within the seed, the oxygen con- 
tained inside the testa being utilized for this. To eliminate this possibility 
Becquerel perforated the coats of the seeds, dried them as far as possible 
and kept them for two years in vacuo. In these circumstances aerobic 
respiration should be suppressed, yet the seeds remained viable. All the 
same, the possibility of slow anaerobic respiration is not ruled out. 

To settle the matter Becquerel prepared a number of samples of seeds 
in vacuo the germination of which is to be tested after various intervals 
of time. In this way it will be possible to determine whether the seeds are 
actually in a state of static equilibrium, or whether chemical changes, 
which, in the absence of constructive metabolism must lead to the death 
of the seeds, actually continue throughout the period of dormancy. 

Certain experiments on the freezing of seeds appear of the greatest 
significance in this connexion. It is found that freezing in liquid air 
( — 190° C.) or liquid hydrogen ( — 250° C.) does not affect the viability 
of dry seeds. Under these conditions we must suppose the whole of the 
contents of the seed forms a solid block in which the space relations of 
the molecules and molecular aggregates of the living tissues are preserved, 
as the rapidity of the freezing would prevent the small amount of water 
present separating out as ice crystals. The chemical changes taking place 
in living cells are those which characteristically take place in an aqueous 
medium. Hence, when frozen the seeds arc surely in that condition of 
static equilibrium which we have postulated as one of the possible states 
of long-lived dormant seeds. 

Of course, whether chemical changes stop completely, or proceed at 
so slow a rate that they are indeterminable after a long term of years, 
may be regarded as an academic question. It does seem clear, however, 
that in all seeds the power of germination is lost sooner or later. Whether 
this will be so with the seeds used in Becquerel’s samples time alone can 
show. It is, however, interesting to note that loss of vitality in seeds in 
ordinary circumstances is not due to utilization of material by respira- 
tion. After the loss of viability the quantity of respirable material is not 
appreciably different from that in the viable seed. Nor is the loss of 
viability due to loss of enzymes which are necessary for transformation 
of stored food reserves into mobile material. Some years after seeds have 
lost their viability these enzymes can still be obtained in an active state 
from some seeds. Crocker and Groves are of the opinion that the loss of 
viability of seeds stored dry is due to slow denaturing or coagulation of 
proteins of the embryo protoplasm. A certain amount of evidence for 
this was obtained by comparing the coagulation time of proteins and the 
length of life of wheat grains at various temperatures between 50° and 
100° C. The relationships are similar in the two cases. At low tempera- 
tures the rate of denaturing of the proteins would be very slow if the law 
found for temperatures above 50° C. holds for temperatures below that 
level. Ohga has actually applied this theory to the case of the seeds of 
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Nektmbium nudfera and calculates from data obtained with regard to 
the length of life of the seeds at high temperatures that in soil with an 
average temperature of about 10° C. the length of life of such seeds 
should be about a thousand years. Such estimates are naturally only 
crude approximations at best. 

We have yet to consider the longevity exhibited by seeds buried in 
the ground and containing more than minimal quantities of water. 
Here it would seem at first sight that the conditions are favourable 
for continued respiration. Kidd found in white mustard ( Brassica alba) 
that such a dormant condition could be produced by subjecting the seeds 
to high partial pressure of carbon dioxide. Soil air may possess a high 
partial pressure of carbon dioxide resulting from the decay of organic 
matter, and Kidd holds that the dormancy of seeds like those of species 
of Brassica in the soil results from the action of carbon dioxide which 
depresses both aerobic and anaerobic respiration and retards or inhibits 
the germinative processes accordingly. The depression of respiration pro- 
duces no permanent disorganization and as soon as the high partial 
pressure of carbon dioxide is removed the seeds, other conditions being 
satisfactory, can germinate unless a condition of secondary dormancy, 
to which reference has already been made, should ensue. 

CHEMICAL CHANGES IN GERMINATION 

Morphological study has revealed that a considerable variety of form 
exists among seeds of different species, while chemical study has shown 
that these differences in form are frequently associated with differences 
in chemical composition. It may be well to recall that the essential part 
of the seed contained within the seed coat consists of the embryo, which 
may or may not b e surrounded by endosperm d erived from the secondary 
nucleus of the embryo-sac. Exceptionally, a layer of perisperm, persistent 
nucellar tissue, may surround the endosperm. In dicotyledons the embryo, 
with very few exceptions, consists of the two cotyledons lying close 
together side by side with the plumule between them and passing over 
at their point of junction with one another and with the plumule into 
the hypocotyl which is continued into the radicle. In the monocotyledons 
the embryo presents a variety of forms. Thus the seeds of most orchids 
contain an embryo consisting of a small mass of cells undifferentiated 
into cotyledon, plumule, hypocotyl and radicle. In the grasses, on the 
other hand, the differentiation is considerable. 

Coulter and Chamberlain distinguished four types of monocotyledon- 
ous embryos, the Alisma, Pistia, Lilium and orchid types, while among 
the dicotyledons, although the type oTthe well-known CapseUa appears 
to prevail, there seem to be considerable variations from it, and the range 
in structure and development among the dicotyledons appears to be not 
less than that in the monocotyledons. 

As seeds thus exhibit a wide range of morphological structure it is 
only to be expected that the chemical reactions and changes involved in 
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the germination of seeds should also show a wide range of variation. But 
in all cases the first chemical changes involved in germination following 
upon absorption of water from without, must consist in th e mobilization 
of food reserves contained in the seed, eitherin the endosperm, perisperm 
or in the embryo itself. Consequently the processes involved must depend 
mainly on the chemical nature of the reserve. 

It is estimated that fat forms the chief food reserve in the seeds of 
80 per cent, of the species of flowering plants, while starch forms the 
principal reserve in only about 10 per cent. Protein occurs in consider- 
able quantity in still fewer species. In other seeds complex carbohydrates 
other than starch, and which are loosely spoken of as cellulose or hemi- 
cellulose, constitute' the main reserve of food,* as in the date palm, plan- 
tain and Tropaeolum. Frequently not one substance but several different 
substances which may serve as food, are present in considerable quantity 
in seeds. Some analyses of seeds are given in Table LXVIII. 


Table LXVIII 
Analyses of Various Seeds 

(The values are given as parts per 100 of dry matter) 



Triticum 
vulgar e 

Pimm 

sativum 

Quercus 

robur 

Brassica 

rapa 

Cocos 

nucifera 

Carbohydrate 

08*65 

52 68 

40*83 

2441 

1244 

Fat 

1*85 

1*89 

3*08 

33*58 

07 00 

Protein .... 

12 04 

23 15 

320 

20*48 

8*88 


Whatever the food reserve, this must be utilized for the building up 
of new cells as the embryo develops into the seedling. This developmental 
activity, as we know, involves respiration and a loss, therefore, of some 
carbon in the seed as carbon dioxide. Until the seedling develops a cer- 
tain amount of chlorophyll and is capable of photosynthesis, the seed and 
its contained embryo or the seedling which develops from it, actually 
lose in dry matter although they may show considerable increase in bulk 
and weight owing to absorption of water. How great this loss in dry 
matter may be is shown by the numbers in Table LXX which gives, 
among other data, the dry weight of grains and seedlings of Zea mais. 

This loss of dry matter must be ascribed to respiration since in this 
process carbon is lost to the plant in the form of carbon dioxide. The 
actual loss of food reserve substance must be greater than the loss of dry 
matter, since some of the reserve material must be utilized in the pro- 
duction of new tissues involving both protoplasm and cell-wall. In Table 
LXIX are given the amounts in grams of various substances in 100 grams 
of dried pea seeds ( Pimm sativum) and in the seedlings developed from 
a similar quantity of pea seeds, the data having been obtained by 
Sachsse. 
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Table LXIX 

Change in Composition of Edible Pea Seeds on Germination 



Seeds 

Seedlings. 

114 hrs. old 

Seedlings. 

184 hrs. old 

Total dry matter 

100 

96-58 

92-54 

Starch 

4244 

38 10 

33 43 

Dextrin 

6-50 

503 

5 41 

Cellulose 

713 

7-87 

8-10 

Fat 

2-27 

2 24 

203 

Protein 

23-84 

23-84 

23*71 

Undetermined matter 

13-76 

15-36 

15-74 

Ash 

4-08 

4-08 

4-08 


From this it will be observed that the actual loss of dry matter over 
the first period of germination is about 3-5 grams, whereas the loss in 
starch and dextrin together amounts to nearly 6 grams. The formation 
of new cellulose walls accounts for some of the difference, while undeter- 
mined matter, which may include complex protoplasmic material, ac- 
counts for more. More striking are some analyses of maize grains and 
seedlings made by Boussingault. Twenty-two grains of a sample were 
analysed and the same number of similar grains were allowed to ger- 
minate in the dark for a period of 20 days. The amounts of various 
substances found in the grains and seedlings are given in Table LXX. 


Table LXX 

Change in Composition of Maize on Germination 



Grains Seedlings 

Total dry matter 

. 8636 

4-529 

Starch and dextrin . 

. 6386 

0-777 

Glucose and sucrose 

. 00 

0953 

Cellulose 

. 0516 

1 316 

Fats 

. 0463 

0 153 


From this it will be observed that the actual loss in dry matter is 
about 4T grams, whereas the loss in staiph and dextrin amounts to 
5-6 grams. The difference is largely accounted for by the formation of 
fresh cell-walls in the form of cellulose. It will also be observed that 
mobile carbohydrate has increased from nothing to 0-953 grams. No 
doubt a prelude to the utilization of the reserve is its mobilization. From 
the analyses it also appears that fat has been utilized, although the 
amount present in the first place is small. 

The changes taking place during the germination of seeds containing 
much fat appear very different from those taking place in starch seeds. 
As an example of such a seed we may take hemp (Cannabis saliva). In 
Table LXXI are shown the results of an analysis made by Detmer of 
100 grams of hemp seed and of two sets of seedlings from the same 
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quantity of seeds after germinating in the dark for periods of 7 and 
10 days respectively. 


TabU LXXI 

Change in Composition of Hemp Seeds on Germination 



Seeds 

Seedlings. 

7 days old 

Seedlings. 

10 days old 

Total dry matter 

100 

06*01 

04 03 

Fat 

32*65 

17*00 

15-20 

Sugar : 

0*00 

0*00 

000 

Dextrin 

000 

000 

000 

Starch 

; 0*00 

8*64 

450 

Protein 

25*06 

23*00 

24 50 

Undetermined substances .... 

21*28 

26*13 

26*05 

Cellulose 

16*51 

10*54 

18*20 

Ash 

4*50 

j 

4*50 

4*50 


Here it will be observed that the fat decreases greatly in amount 
whereas protein remains constant, indicating that in this seed, where 
sugar and starch are absent, fat is the principal respiratory substrate. It 
is to be observed that a loss of cellulose occurs at first, suggesting that 
complex carbohydrates may form part of the food reserve and may be 
utilized in the metabolic processes of the germinating seed. With further 
development of cell tissue, however, the amount of cellulose increases. 

As an example of a seed containing reserve protein may be taken that 
of the yellow lupin, the chemical changes in which during germination 
were studied by Beyer. The quantities in grams of various substances in 
1,000 seeds and the same number of seedlings are shown in Table LXXII. 
Analyses of the seedlings in two stages of development are given, the 
first when the seedlings were about 1 and l£ inches, the second when 
they were about 2 to 8 inches long. 


TabU LXXII 

Change in Composition of Seeds of Yellow Lupin on Germination 



Seeds 

Seedlings. 

Seedlings. 


1st stage 

2nd stage 

Fat 

4*832 

4*603 

8*439 

Protein 

40*075 

46*281 

48*097 

Asparagine 

000 

0*745 

2*612 

Sugar and alkaloids 

Gum 

8*408 

5*542 

}l7*091 

15*698 

Cellulose') 

Starch v 

Pectin J 

8-869 

7-715 

9*258 

Adi 

3*384 

8*408 

8*633 
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It will be observed that the chief loss on germination is in the protein, 
although there is at first a decrease in the polysaccharides and also 
a quite definite disappearance of fat, in spite of this being present in 
relatively small quantity. The amount of sugar actually increases, 
although a similar decrease in the amount of more complex carbohydrate, 
followed by an increase, as in the germination of hemp, is also to be 
noticed. 

As mentioned in the chapter on respiration, earlier in this work, it 
is not known whether, with respiratory substrates other than sugar, 
the latter is first formed, or whether fat, protein or more complex carbo- 
hydrate is utilized more or less directly. In any case we must sup- 
pose that the actual catabolic processes of respiration are intimately 
linked with the anabolic processes of development, since the two run 
parallel. 

The fact, however, that in both fat and protein seeds sugar either 
makes its appearance or increases in amount during germination, even 
when the seeds are kept in the dark and photosynthesis excluded, sug- 
gests that sugar is always produced whatever the substrate. In starch 
seeds no doubt the first phase of germination from a chemical point of 
view is development of diastatic enzymes and consequent production of 
glucose which is then translocated to the actively growing regions. In fat 
seeds lipase is developed and the substrate converted into fatty acids and 
glycerol. What the immediate fate of these substances may be is not 
known. The fatty acid can be recognized in considerable quantity in 
many germinating seeds, but the glycerol disappears at once and its 
presence can rarely be demonstrated. It is possible that both the fatty 
acid and glycerol are converted into sugar before translbcation takes 
place; on the other hand glycerol, being a substance to which cells are 
readily permeable, may be translocated and utilized at the actual grow- 
ing points. It has even been suggested that the fatty acids may also be 
translocated in the form of a very fine emulsion. This is not as improbable 
as might at first sight appear, for both the protoplasm and cell-wall con- 
tain fatty constituents and the fine fatty acid particles might be able to 
pass from cell to cell through these fatty components of the cells. Whether, 
then, the constituents of fresh cells are built up directly out of fatty acids 
and glycerol or out of sugar formed from either of these substances or 
both, we do not know. The processes are no doubt intimately linked with 
those of respiration, and even here, although it is generally suspected 
that hexose sugar is first formed, we do not really know the course of 
events. 

The utilization of material in the germination of protein seeds pre- 
sents similar or even greater difficulties. Here, also, the increase in glucose 
content of germinating seeds suggests that sugar is formed from protein, 
or rather from the amino-acids which result from the action of proteases, 
although we have seen earlier there is no very definite evidence that pro- 
tein is utilized in respiration. In all seeds it would seem likely that some 
protein reserve must be present, since the building up of fresh proto- 
26 
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plasm in the course of cell multiplication during development of root 
and shoot necessitates a supply of nitrogenous material. 

The mobilization of the protein reserve of seeds is no doubt effected 
by the proteases which are present in germinating seeds, with produc- 
tion of amino-acids. A number of the latter have been identified in seed- 
lings of one species or another. Thus phenylalanine, tyrosine, valine and 
leucine have all been found in Lupinus luteus and L. albus seedlings, while 
the same amino-acids, with the exception of valine, have been found 
in seedlings of Cucurbita. As noted earlier, asparagine is very commonly 
present in young seedlings. Schulze found in Lupinus luteus that the 
asparagine content increased with the age of the seedling, not reaching 
a maximum until the plant was several weeks old. Some of the results of 
Schulze and Umlauft are summarized in Table LXXIII. The accumula- 

Table LXXIII 


Content of Asparagine in Lupinus luteus Seedlings 




Asparagine Content in 

Age of Seedling 


per cent, of dry 

per cent, of dry 

in days 


weight of seed 

weight of seedling 

4 . 


3 12 

3-3 

7 . 


9-78 

11-2 

10 . 


. 15-24 

17-3 

12 . 


. 18-22 

22-3 

15 . 


. 19-43 

250 

16 . 



25-7 


tion of asparagine takes place chiefly in the young shoot, and this can be 
regarded as evidence that the asparagine is largely used in the building 
up of new protein. On the other hand, asparagine has been regarded as 
an end-product of metabolism, which can, however, be used in metabolic 
processes after being subjected to the action of light. In fact, in spite of 
a number of observations and much speculation, we do not know what is 
the fate of the amino-acids, and what changes take place in the rebuild- 
ing from them of the proteins of the new tissues formed in germination. 
It is possible that amino-acids are further acted upon and that even 
simpler derivatives of them form the basis for the formation of fresh 
protein. In this connexion it is possible that the enzyme mease may play 
some part in the nitrogen metabolism of germinating seeds as it is known 
to be actively present in those of many Leguminosae, as well as in Ricinus. 
The evidence at present available, however, does not suggest that it is' 
universally present in seeds, so that it can scarcely have a general signi- 
ficance in germination. 

As regards the actual course of respiration during germination, it has 
been usual to suppose that there is a ‘grand period of respiration’, during 
which the rate of respiration rises from approximately zero to a maxi- 
mum and then falls again. Work by Stiles and Leach on the respiration of 
sweet pea ( Lathyrus odoratus) seedlings supports the view that respiratory 
activity does rise to a maximum in this way, but that the very consider- 
able falling off observed by earlier workers is probably to be explained as 
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chiefly related to the conditions under which the experiments were carried 
out. In older seedlings enclosure in a chamber or exposure to air saturated 
with water vapour has the effect of reducing the respiration rate, prob- 
ably because the movement of mobile respiratory substrate from the 
organs of storage to the growing points is retarded under such conditions. 

It naturally follows that the course of respiration of a seedling kept in 
the dark is likely to differ from that of a seedling exposed to light, for as 
soon as chlorophyll develops in the latter the concentration of respiratory 
substrate in the young shoot may be increased by photosynthesis. The 
respiration rate of the whole seedling is therefore likely to increase rapidly 
on this account, although its increase will sooner or later be actually 



Fig. 80. — Curves to show the course of respiration of seeds of Lathyrus odoratus during 

germination 

A, intact seed provided with testa; B, seed deprived of testa 
(Prom W. Stiles and W. Leach) 

masked by photosynthesis with its gaseous exchange in the opposite 
direction. 

From what has been said earlier regarding the retarding influence on 
germination exerted by the seed coats of many seeds, it is to be expected 
that the course of germination and of respiration may be more or less 
considerably affected by removal of the testa. In the case of the sweet 
pea the rate of respiration of the seed increases from the time the seed 
begins to absorb water until it reaches a rate which remains approxim- 
ately constant until the seed coat splits, upon which the rate again rises 
to a maximum. Removal of the testa eliminates this constant period. 
The course of respiration during germination of sweet pea seeds with and 
without the seed coat is shown in Fig. 80. 





CHAPTER XVI 


VEGETATIVE DEVELOPMENT 

'The development of the vegetative body of an organism is one of the 
most obvious characteristics of living things. In the simplest unicellular 
organisms, it is true, this development may consist to external view of 
no more than an increase in size of a single cell without any other 
apparent change, but in the majority of multicellular plants, and 
particularly in those with a vascular system, this development involves 
a very considerable increase in complexity, parts with different functions 
and of different form developing, so that there is what has been called a 
‘physiological division of labour’ in which each function is carried out 
by a particular set of organs. At the same time these organs do not 
function independently of one another; there is a correlation between the 
activities of the various parts so that the whole plant develops as a 
single unit. 

This development involves growth, and indeed the two terms are 
often used synonymously. The term development, however, involves the 
idea of increase in complexity, whereas growth rather suggests enlarge* 
ment only. The simple definition of growth as increase in size, or volume, 
or mass, is, however, unsatisfactory, for this may result solely from 
increase in water content due to an absorption of water which may be 
lost again by evaporation, and such fluctuations in water content may 
be of quite considerable magnitude. Increase in dry weight has therefore 
sometimes been taken as a definition of growth, but objections can be 
raised to this also, as dry weight increase can be due to an increase in the 
amount of cell inclusions which are dead material and have no real 
concern with the growth of the plant. Moreover, during germination the 
seedling may be growing and yet actually losing in dry weight, although 
increasing in size and complexity. Other definitions of growth are in* 
crease in size involving development, and increase in volume which is 
irreversible. Both these definitions are fairly satisfactory. 

But although it may be difficult to find a satisfactory definition of 
growth, there is rarely any doubt as to its meaning. In the multicellular 
plant its essential character is the utilization of the material formed in 
photosynthesis and other anabolic processes to produce new tissue. It is 
thus a necessary condition for growth over a length of time that the 
material introduced into a plant body by absorption from the environ* 
ment should exceed that lost to the plant in respiration, although over 
shorter periods, as noted above, a plant might develop and yet lose in 
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dry weight. Actually, during the growing season the photosynthesis is 
many times the respiration. For example, Boysen-Jensen found that a 
plant of Sinapis during the 24 hours of a summer’s day absorbed a net 
amount of 84’6 mg. carbon dioxide (that is, total assimilation less total 
respiration) through the leaves, and lost only 4 mg. of carbon dioxide 
through respiration from the non-green parts, making a total excess of 
assimilation over respiration of 80 6 mg. of carbon dioxide corresponding 
to 49-5 mg. increase in dry weight of the plant if this is calculated as 
starch, or 55 mg. if calculated as hexose sugar. The former of these 
values is about 17-8 per cent, of the actual dry weight of the plant. 

The parts of the plant where growth is actually taking place, that 
is, where new tissue is being formed and the increase in size is located, 
may be remote from the assimilatory organs where carbohydrates, and 
possibly proteins, are formed. Thus, as pointed out in a previous chapter, 
these synthesized materials have to be conveyed in a mobile form to 
the regions of growth. Hence the rate at which new tissue is formed, 
that is, the rate of growth, depends not only on the rate at which 
photosynthesis takes place, but also on the rate of transport of the 
synthesized material to the growing parts. There may also be other 
internal factors in the growing cells themselves as well as external factors 
which influence the rate of growth. 

In unicellular organisms vegetative growth may consist only of en- 
largement of a single cell which may after a time pass over into its 
reproductive stage. In filamentous algae such as Spirogyra vegetative 
growth can be regarded as involving two stages, cell division and cell 
enlargement. In the higher plants Sachs pointed out long ago that three 
stages of growth can be recognized, namely, cell division, cell enlarge- 
ment and the internal differentiation of the cell. So long as a cell is 
meristematic its growth activities are confined to the first two of these 
stages, but each cell that forms part of a permanent tissue goes through 
the third phase and so takes on that special form which determines its 
function and which characterizes the tissue or part of a tissue of which 
it is a component. 

In an organ of limited growth, such as a leaf, when the adult per- 
manent condition is reached every cell has gone through these three 
phases of growth. Consequently, as the increase in size of the whole 
organ is the sum of the increases in size of the individual cells, it is to 
be expected that the organ itself will, to some extent, show the same 
sequence of phases as the cells of which it is composed. It is true that 
some cells will reach the second and third stages before others. How- 
ever, on the whole in the earliest stage of leaf development, while the 
leaf is in the bud in a rudimentary condition, most of the cells are 
meristematic and still dividing. This early stage is followed by a period 
of enlargement and unfolding, and this again by the phase of internal 
differentiation which it overlaps. With organs of unlimited growth, 
such as roots and shoots, a zone at the apex remains meristematic, but 
cells formed by division of these meristematic cells on the side remote 
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from the apex pass in time into the phases of enlargement and internal 
differentiation and ultimately cease growth. But while these changes are 
taking place the meristematic cells at the apex have continued to divide 
and cut off on the inside more cells, which gradually pass over into the 
permanent condition. Thus in passing from the apex towards the older 
parts of the organ we find the youngest parts chiefly in the first stage of 
growth, the next principally in the phase of elongation while the oldest 
parts have ceased to increase in size and may be completely differentiated. 
This condition of affairs was originally pointed out by Sachs who 
published a number of measurements illustrating it. In Table LXXIV 
is shown the relation between rate of elongation and distance from the 
apex of a primary root of Vida faba growing in moist air at about 
20*5° C., the numbers in the second column giving the increase in length, 
during 24 hours, of successive lengths of root, each, at the beginning of 
the period, 1 mm. long. In Table LXXV are given similar numbers for 


Table LXXIV 


Relation between Rate of Growth and Distance from 
Growing Apex in Primary Root of Vida faba 


Original mean 
Distance of Zone 
from Root Apex 
in mm. 

0 5 . 

1-5 . 

2 5 . 

3-5 . 

4 5 . 

5 5 . 

6-5 . 

7 5 . 

8 - 5 . 

9 - 5 . 


Increase in Length 
during 24 hours in 
mm. 

. 1-5 

. 5-8 

. 8-2 
. 3-5 

. 1-0 
. 13 

. 05 

. 0 3 
. 0 2 
. 01 


Table LXXV 

Relation between Rate of Growth and Distance from 
Growing Apex in Shoot of Phaseolus multiflorus 


Original mean 
Distance of Zone 
from Root Apex 
in iAm. 

1*75 




Increase in Length 
during 40 hours in 
mm. 

. 2*0 

5 25 




. 2*5 

8-75 




. * 4*5 

12 25 




. 0*5 

15*75 




• 5*5 

19*25 




. 3*0 

22*75 




. 1*8 

26*25 




. 1*0 

29*75 



• 

• 1*0 

33*25 



• 

. 0*5 

80*75 



• 

. 0*5 

40*25 



• 

. 0*5 
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a shoot of Phaseohia muUiflorus, the increases in length recorded being 
in this case that of successive lengths originally 8-5 mm. long and the 
period of time over which the increases in length occurred, being 40 
hours. The data in both tables were obtained by Sachs. 

The matter can be looked at in another way. If a small zone of tissue 
just behind the apex is considered, it will thus increase in length as the 
cells within it go through the stage of elongation. In this zone those 
cells more remote from the apex will cease growing before those nearer 
the apex, but sooner or later all the cells in the zone will have ceased 
enlarging, the whole zone by this time having not only greatly increased 
in size, but become much further removed from the apex on account 
of the growth of the cells between it and the apical meristem. Thus, if 
such a small zone behind the apex is considered it will go through a 
series of changes similar to those undergone by an organ of limited 
growth such as a leaf, that is, it will grow slowly at first, then more 
rapidly, until the rate of growth reaches a maximum, after which it 
will gradually fall to zero. In reference to this phase of enlargement of 
the cell, organ or portion of an organ, during which the rate of growth 
increases from practically zero to a maximum and then falls again to 
zero, Sachs introduced the term ‘grand period of growth’. In a case given 
by Sachs himself, that of a zone of the primary root originally occupying 
1 mm. behind the apex of a seedling of Vida j aba, growing in moist air 
at a temperature of about 20° C., this period lasted 7 days, the growth 
on successive days being that shown in Table LXXVI. There are also 
shown here similar numbers for the growth on successive days of a 
zone just behind the apex of the growing shoot of Phaseolus muUiflorus. 


Table LXXVI 

Growth of a Zone of Primary Root of Vida f aba 
originally 1 mm. long and of a Zone of Shoot of 
Phaseolus muUiflorus originally 8-5 mm. long 

Increment of growth 


Day 

1 


Vicia faba root 

1-8 

Phaseolus multiflorus 
shoot 

1*2 

2 


3-7 

1*5 

8 


. 17-5 

2 5 

4 


. 16-5 

5*5 

5 


. 170 

7*0 

6 


. 14-5 

9*0 

7 


70 

140 

8 


00 

100 

0 


00 

7*0 

10 


00 

2*0 


If these results are expressed graphically the curve of total growth 
is of the form usually termed sigmoid, while that illustrating the relation 
between rate of growth and time shows a maximum. Such curves for 
the growth of Phaseolus muUiflorus are shown in Figs. 81 and 82. The 
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curve giving the relation between rate of growth and time has been 
termed, not very happily, the ‘grand curve of growth’. 



(Constructed from the data of J. v. Sachs) 



Fio. 82 . — Grand curve of growth of 
an internode of Phaseolus muUiflorus 
(Constructed from the data of J. v. Sachs) 


The growth of an organ or zone of an organ does not always follow 
the simple course indicated by Fig. 82. The best-known exception to this 
is the curve of the grand period of growth of the sporangiophore of 



Fio. 88. — Grand curve of growth of the sporangiophore of Phycomycts blakukeanu* 

(After L. Errera) 

Phycomyce8 blakesleeanus 1 determined by Errera in 1884 and shown in 
Fig. 88. Here the rate of growth reached a maximum, under the condi- 
tions of observation, after 19 or 20 hours, and then fell rapidly to zero, 
after which growth recommenced and reached a second, and mueh 
higher maximum, at the end of the second day. The explanation of the 

1 Generally known as Phycomycts nitent. 
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cessation of growth at the end of the first day is that the material avail- 
able for development is then used in the development of the sporangium, 
after which growth of the sporangiophore itself is resumed. Other mem- 
bers of the Mucorineae behave similarly, but in PUobolus growth in 
length of the sporangiophore terminates with the production of the 
sporangium. 

A somewhat similar grand curve of growth was observed by Miyake 
for the inflorescence axis of Taraxacum (cf. Fig. 34). The explanation is 
probably similar, the cessation in growth of the axis corresponding to 
the period of enlargement of the inflorescence. 

The grand period of growth is generally comparatively brief but 
sometimes it may last for months. This is the case with the sporangio- 
phore of Pellia in which the rate of growth is extremely slow for several 
months during which time the total growth in length may not exceed 



Fig. 84. — Growth-rate curves of the inflorescence axes of two varieties of Taraxacum 
officinale during flowering and fruiting 

Af var. jfaHgPgwiB, va r^albiflorum. The time of opening of the flowers is indicated by X , that of the expansion 
° ^ ^ t (After K. Miyake) 


1 or 2 mm. This period of slow development is followed by an exceedingly 
rapid growth of the sporangiophore which may reach its final develop- 
ment of sometimes as much as 80 mm. in a few days. 

The length of the growing zone of a shoot or root varies greatly 
among different species. Some measurements made of the length of the 
growing zones of the shoots of a number of species are summarized in 
Table LXXVII. The number of internodes involved may vary from one 
to five or more. 

With roots the growing zone is generally much shorter than in shoots. 
Thus the numbers shown in Table LXXIV indicate that the growing 
region of the primary root of Viciafaba may not exceed a centimetre. 
In aerial roots, however, the growing zone may be much longer, and in 
Cissus, a genus closely allied to, and sometimes included in, Vitis, 
Blaauw recorded that the growing zone might be as long as 100 cm. 
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Table LXXVI1 


Species 

Length of Growing 
Zone in cm. 

Observer 

Elodea candemis 

2-5 

Askenasy 

Galium mollugo 

3 

»» 

Fritillaria imperialis 

8 

Sachs 

Polygonum sieboldi . 

. 15 

»» 

Asparagus asper 

. 20 

>> 

Hippuris vulgaris . 

. 25 

Askenasy 

Allium cepa .... 

. 30 

Sachs 

Cephalaria procera . 

. 35 


Allium porrum 

40 

»> 

Aristolochia sipho . 

. 45 

Askenasy 

Aristolochia atropurpureum 

. 50 

Sachs 


The actual rate of growth in length of different organs varies ex- 
ceedingly. Thus among fungi A. Moller, according to Jost, recorded a 
maximum growth rate of the stipe of Dictyophora phalloidea of 5 mm. ’ 
per minute, an extraordinarily high value, while hyphae of Botrytis were 
observed by Reinhardt to grow at the rate of 0-034 mm. per minute. 
Among higher plants a stem of giant bamboo ( Dendrocalamus giganteus) 
was observed by A. M. Smith to elongate at a rate of nearly 0-4 mm. per 
minute. Some workers have thought a better method of expressing 
growth rate is in terms of the increase in length in unit time per unit 
length of the growing zone, as this will give a truer idea of growth 
activity. When so expressed it is found that very great variations in 
growth rates exist, and that pollen tubes can exhibit particularly high 
growth rates. The numbers in Table LXXVIII recorded by Buchner 
give some idea of the possible variation in growth rates between different 
species. 


Table LXXVIII 


Growth Rates of some Plant Organs 

Growth rates in mm. per 

Plant Organ 

minute per mm. growing zone 

Impatiens Hawkerii pollen tube 

. 2*20 

Impatiem balsamia pollen tube 

100 

Mucor stolonifer hyphae 

. 118 

Botrytis hyphae .... 

. 0 88 

Bambusa shoot .... 

00127 

Bryonia shoot .... 

0 0058 


In unicellular organs the rate of growth is often taken as the inverse 
of the time between one division and the next. In the case of bacteria 
this is often about 20 to 80 minutes. This may be regarded as the time 
taken for the growing material (or zone) to double in size, so that a 
value for the growth rate of such bacteria comparable with those given 
in Table LXXVII would be only of the order of 0-05. 



VEGETATIVE DEVELOPMENT 


401 


INFLUENCE OF EXTERNAL CONDITIONS ON RATE OF 

GROWTH 

It has already been pointed out that in an autotrophic plant the 
external conditions of light and temperature will affect the rate of growth 
by their effect on photosynthesis and hence on the supply of the material 
out of which new tissue is formed. It is of interest to inquire whether, 
apart from this indirect effect, there is also a direct effect of external 
conditions on the rate of growth. This growth, as we have seen, really 
involves two stages, cell division and cell enlargement, but it is most 
frequently impracticable to separate these two phases, at any rate in 
multicellular plants, when investigating the effect of external conditions. 
We are also faced with a similar complexity regarding the interaction of 
factors as in photosynthesis, for if increase in temperature, for example, 
should directly bring about an increase in the reactions involved in 
growth, we can understand that the rate of supply of available material 
to the growing zone might impose a limit on the rate of growth and that 
increase in temperature of the growing zone would then not bring 
about a rise in the growth rate simply because of insufficiency of material. 

The exact relation between growth and internal and external factors 
has, however, not yet been investigated sufficiently to enable the rela- 
tions to be stated as definitely as in the case of photosynthesis, and so 
there still obtains in regard to growth the conception of cardinal points 
(minimum, optimum and maximum), a conception which, it is now 
realized, does not help to explain the relation between photosynthesis 
and its conditioning factors. As regards temperature, the minimum and 
maximum temperatures for growth of a number of species are given in 
Table LXXIX, but it must be realized that these temperatures may 


Table LXXIX 


Minimum and Maximum Temperatures for Growth in Centigrade 

Degrees 


Species 

Pimm sativum (roots) 



Minimum 
Temperature 
. —2 

Maximum 

Temperature 

44-5 

Ulothrix zonata . 



0 

24 

Triticum vulgare 



0 

42 

Lepidium sativum 



2 

28 

Mucor racemosus 



4 

38 

Pinus sylvestris . 



7 

84 

Acer platanoides 



7 

26 

Zea mais . 



9-5 

46 

Cucurbita pcpo . 



. 14 

46 

Aspergillus fumigatus 



. 15 

60 


vary from individual to individual and from organ to organ and from 


time to time in the same individual. Generally speaking, the range of 
temperatures over which tropical plants grow is higher, though not 
necessarily wider, than that for temperate plants, while the range of 
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temperatures over which arctic plants grow is lower. The range of 
temperatures may also vary in extent from one species to another, and 
the same may be so with different organs of the same species. Thus 
Wiesner found the limits of temperature for the germination of spores 
of a species of Penidllium to be 1-5° and 48° C., for growth of the 
mycelium 2-5° and 45° C., and for spore formation 8° and 40° C. Again, 
in Vaucheria repens the minimum and maximum temperatures for 
vegetative growth are respectively 0° and 80® C., but for zoospore 
formation 8° and 26° C. According to Setchell, vegetative growth in the 
marine angiosperm Zoster a marina occurs between 10° and 20° C., whereas 
reproduction only takes place between 15° and 20° C. In spring* 
flowering plants, as, for example, Crocus, the minimum and maximum 
temperatures for flowering are often lower than those for vegetative 
growth. 

It is to be noted that the temperatures to which a plant is exposed 
may often lie outside the range within which it grows. The minimum aftd 
maximum temperatures for growth do not by any means correspond 
with the range of temperatures over which a plant can remain alive. 

These minimum and maximum temperatures for growth are depen- 
dent to some extent on external conditions and in some species, at any 
rate, are susceptible to modification by what has been called ‘accom- 
modation’. Thus, by gradually lowering the temperature the minimum 
temperature for the growth of Bacillus anthracis has been lowered from 
about 14° to 10° C., and by gradually raising the temperature the maxi- 
mum temperature for growth of Bacillus fluorescens has been raised from 
85° to 41-5° C. 

As regards the direct effect of temperature on growth Miss Leitch 
in 1916 examined this question in the roots of Pisum sativum, while 
Miss Talma in 1918 recorded results obtained with roots of Lepidium 
sativum. Miss Leitch measured the rate of growth of pea roots at tem- 
peratures from — 2° to 45° C. Between — 2° C., which appears to be 
the minimum temperature for the growth of pea roots, and 29° C., there 
is a regular increase in the rate of growth with rise in temperature (see 
Fig. 85) although Miss Leitch’s determinations show some irregularity 
due, no doubt, to individual variations, that is, to internal conditions 
which are, of course, not under control nor measurable. The relationship 
between rate of growth and temperature was found not to be a logarith- 
mic one, the temperature coefficient (Q 10 ) decreasing with increasing 
temperature, much in the same way as it does with the respiration 
of these roots (cf. p. 165) only much more definitely. The values of 
the temperature coefficients, calculated from Miss Leitch’s data for 
two series of experiments, are shown in Table LXXX. The average 
coefficients for the whole range 0° to 28° in the two series are respec- 
tively 8-56 and 8*89. 

Above 29° C. the rate of growth does not remain constant with time, 
but dhows that falling off in value which is attributed to a so-called 
'time factor', although up to 85° the regular fall is interrupted by a 
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temporary rise. At 40° C. the fall in rate with time is continuous. Above 
80*8° C. the initial rate of growth was actually less than at lower tem- 
peratures. Miss Leitch applies the expression ‘optimum temperature for 
growth* to the highest temperature at which growth is maintained at a 
constant rate, this temperature, in her experiments, being about 29° C. 
It is true an initially higher rate was observed with increasing tempera* 



Fio. 85. — Curve illustrating the relation between temperature and the rate of growth of 

roots of Pimm sativum 
(Alter I. Leitch) 

Table LXXX 

Temperature Coefficients for the Growth of Roots 
of Pimm sativum 


Temperature 



Temperature Coefficient. 

Interval 



Series I. 

Series II. 

0-10 . 



. 100 

8*2 

5-15 . 

, 


8*4 

4 1 

10-20 . 

, 


. 23 

2*9 

15-25 . 

, 


1*9 

2*4 

18-28 . 



1*7 

2*2 


ture up to 80*8° C., but the initial rate, as we have seen, is not main* 
tained. For the temperature at which the initial rate of growth is highest 
she proposed the term ‘maximum rate temperature*. 

The observations of Miss Talma on the effect of temperature on the 
growth of roots of Lepidium show a general agreement with those on 
pea roots just described. Miss Talma’s results are shown graphically in 
Fig. 86, the three curves giving the amount of growth at different tem- 
peratures after 8*8, 7 and 14 hours. The recession of the apparent 
optimum temperature with time is accounted for by the action of the 
time factor at higher temperatures. The optimum temperature in the 
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(After E. G. C. Talma) 

sense in which it was defined by Miss Leitch would here appear to be 
about 26° or 27° C. The temperature coefficients of growth rate, calcu- 
lated from Miss Talma’s data, are summarized in Table LXXXI. 


Table LXXXI 


Temperature Coefficients of Growth of Roots of 
Lepidium sativum 


Tempera- 

ture 

Interval 

Temperature Coefficients over Different Periods 

3*5 hours 

7 hours 

14 hours 

0-10 

_ 


7*9 

5-15 

36 

4*7 

5*2 

10-20 

8*4 

8*43 

3*45 

15-25 

2*25 

1*9 

227 

10-26 

1*86 

1*88 

2*1 

17-27 

1*81 

1*83 

1*9 

18-28 

1*86 

1*79 

1*64 

19-29 | 

1*71 

1*68 

1*48 

20-80 

1*59 

1*57 

1*2 


, The effect of temperature on the rate of growth of the sporangio- 
phore of Phycomyces was examined by Miss Graser, and the observed 
results were also in general agreement with those found for the roots of 
higher plants. The minimum and maximum temperatures were found 
to b$ 0° and 84° C. respectively but the falling off in growth rate at 
temperatures above 29° C. was very marked. Within the range of 
0° to 29° C. the fall in the value of the temperature coefficient with 
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rising temperature is as marked as with the species examined earlier. 
Some of Miss Graser’s values are summarized in Table LXXXII. 

TabU LXXXII 

Temperature Coefficients of Growth of Sporangiophore of 
Phycomyces blakesUeanus 

Temperature Temperature 

Interval Coefficient 

5'1-160 . . . .7-5 

6-2-17-4 . . . .4-8 

68-19-4 . . . .2-5 

9-8-28-4 . . . .1-52 

10-8-25-7 .... 1-84 

There is evidence that in some species a change in temperature leads 
to changes in the rate of growth which are related to the change in 
temperature itself as distinct from the actual temperature level. For 
example, True, in 1895, found that roots of Vida Jaba, Pisum sativum 
and Lupinus albus, when subjected to a sudden change of temperature 
from about 1° to about 20° C., as extremes, exhibited rapid elongation 
followed by a period of depressed growth, while if the temperature 
change took place in the reverse direction a depression in growth rate 
occurred. Attention has more recently been called to this phenomenon 
by Silberschmidt and by Erman, the former of whom has shown a similar 
behaviour in coleoptiles of oat, barley and wheat, as well as in the 
hypocotyl of flax, the results with oat being confirmed by Erman. Some 
of Miss Graser’s observations on Phycomyces blakesUeanus suggest that 
the same phenomenon occurs in the growth of the sporangiophore of this 
fungus. 

An example of Silberschmidt’s results is given in Fig. 87 which shows 
in graphical form his results with wheat. The rate of growth of a plant 
of Triticum vulgare at room temperature (14-5° C.) was observed for a 
period of 40 minutes after which the plant was transferred to a tem- 
perature of 0-5° C. for 45 minutes. It was then transferred back to room 
temperature and the rate of growth again observed. The initial rise in 
growth rate above the normal with the subsequent fall are well shown 



Fio. 87. — Curves illustrating the thermo-growth-reaction in T^riUatm 
(Cbnetnioted from the data of K. SUberoobmidt) 
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in the figure. Results with oat are shown in Fig. 88. Here also it will be 
observed that transference from a temperature of 5*5° C. to one of 
15° C. brought about a temporary high growth rate. 

As will be described later, a similar behaviour as a result of exposure 
to light for a limited time is termed the ‘light-growth reaction’. In com* 
parison with the latter, this change in growth rate as a result of exposure 
to a different temperature has been termed the thermo-growth reaction. 
Whether such a comparison of the two reactions is really justified is not 
clear. At any rate the so-called ‘thermo-growth reaction’ appears to be 
in the nature of a response to a stimulus, that of change in temperature 
(see Chapter XIX). Thus Silberschmidt records experiments in which 
the growth was observed at room temperature, then for a period during 
which the plant was maintained at a low temperature and then for a 
further period after it was re-transferred to room temperature. From 
the graphical representation of the results in Fig. 88 of such an experi- 
ment with Avena , it will be observed that the rise and subsequent fall 
in growth rate occur both after a change from a higher to a lower tem- 
perature, and after the reverse change from the lower to the higher 
temperature. 



Fig. 88. — Curves illustrating the thermo-growth-reaction in Avena 
(Constructed from the data of K. Silberschmidt) 

Light. While many fungi can live through their whole life-history in 
darkness, it is obvious that light is necessary for the growth of auto- 
trophic plants as it is an essential factor in the synthesis of material out 
of which new tissue is formed. As plants only grow within certain limits 
of temperature so similarly there are ranges of light intensity outside 
the limits of which different species do not grow. Wiesner determined 
these limits for a large number of species growing under natural condi- 
tions, expressing his results in two ways. By the term ‘absolute light 
requirement’ (‘Lichtgenuss’) he denoted the actual range of light in- 
tensities measured in Bunsen-Roscoe units; by ‘relative light require- 
ment* he denoted the range of light intensities expressed as factors of 
the intensity of full sunlight at the place where the plants were growing. 
Sineq the maximum intensity of full sunlight varies with the latitude and 
the height above sea-level it is to be expected that the relative light 
requirement will be different in different places. Wiesner found that the 
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relative light requirement of plants increased with latitude, the values 
for Betula nana, for example, being from 0-294 to 1 in Oslo, from 0-455 to 
1 in Troms8, 0-77 to 1 in Troll Fjord and 1 only in Advent Bay, Spitz- 
bergen. The comparison of the light requirements at different places is 
complicated not only by the different light intensity of full sunlight but 
also by the different length of day and again by the fact that possibly in 
colder places more of the heat rays of solar radiation are utilized. 

Some of Wiesner’s values for the minimum relative light requirements 
of plants at Vienna are summarized in Table LXXXIII. The maximum 
relative light requirement is unity in all cases. 

Table LXXXIII 

Light Requirements of Different Species at Vienna 

Minimum relative Light 


Species Requirements 

Buxus sempervirens ..... 0-0092 

Fagus sylvatica (open form) . . . 0-0118 

Fagus sylvatica (dose form) . . 0-0167 

Carpinus betulus ..... 0-0179 

.<4cer platanoides ..... 0-0182 

Quercus robur ...... 0-0385 

Populus alba ...... 0-0668 

Betula verrucosa ..... 0-111 

Liriodendron tulipifera .... 0-133 


Apart from the indirect effect of light on growth through photo- 
synthesis it has been realized for long that light must have a direct 
effect on the growth of some organs. The phenomenon of etiolation, in 
which subjection of a plant to complete darkness involves certain 
changes in the form of plants, indicates that alterations in light intensity 
may bring about alterations in the growth rate of various organs, and 
that, in particular, feeble light intensity leads to increased rate of 
growth. Sachs and others showed that reduction in light intensity leads 
to increased rate of growth of stems and leaves, but more recent researches 
have shown that there is no general rule to express the relation between 
light intensity and growth rate. Thus in the coleoptile of Avena, Vogt 
and Sierp have both shown that the more intense the light the shorter 
are the coleoptiles, and Sierp found that with increasing light intensity, 
not only was the total growth reduced but that the grand period of 
growth was also shortened. But he further found that in experiments 
lasting one day only growth was more rapid in stronger light intensity. 
These relations are made clear by Fig. 89, showing the curves of the 
grand period of growth of Avena coleoptiles in different intensities of 
light. 

The results of experiments on the influence of light intensity on the 
growth of roots present some contradictions. In 1902 Kny recorded that 
roots of plants of Lepidium sativum, Vida saliva and Lupinus albus 
growing in water culture, grew more rapidly in darkness than in light, 
but the more recent short period experiments of Miss Leitch and Blaauw 
27 
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indicate that light is without effect on the rate of growth of many roots. 
The experiments of the latter with hypocotyls of Helianthus globosus 
showed that growth in these organs increased with light intensity. 



t 2 3 

Time in days 


Fio. 89.— Grand curves of growth of Avena coleoptiles in different intensities of light 

A, weak red light; B, 16 MK; C, 500 MK; D, 4,000 MK. The coleoptiles were kept in darkness for alternate 

half-dayB 

(Constructed from the data of II. Sierp) 

In 1897 Stameroff recorded that the rate of growth of pollen tubes 
and hyphae of Mucor is the same in the light and in the dark, but more 
recently, in 1918, Blaauw reported that the rate of growth of sporangio- 
phores of Phycomyces is strongly affected by light, being greater in light 
intensities of 8 and 64 metre-candles 1 than in the dark, but being strongly 
retarded in a higher intensity of illumination, 4,000 metre-candles. 

Some of the contradictory results obtained are probably to be traced 
to temperature variations and differences in the earlier experiments, 
for, as has already been explained, temperature has a considerable direct 
effect on growth rate. But from the more recent work, in which tem- 
perature has been carefully controlled, it is evident that light has, in 
many cases, a very definite effect on rate of growth, and it may be 
concluded that in these a photochemical reaction must be involved in 
addition to the purely chemical, or enzymic reaction indicated by the 
effect of temperature on growth. 

According to the observations of Klebs on the effect of light on the 
germination and development of fern prothallia. it appears that light 
intensity, and also the wave-length of the light, can influence both the 
division phase and the enlargement phase of growth. In Pteris longifolia, 
for example, the prothallus in weak white light (from an electric lamp) 

1 The metre-candle is the intensity of illumination from a standard at 
one metre distance from the source of light. Unit quantity of light is the quantity 
°* from this standard candle falling during one second on unit area in a 

E w* right angles to the direction of the light and at one metre distance from 
n. If the illuminated area in a series of experiments remains constant, the quantity 
of light is proportional to the product of the light intensity and the time, and can 
be denoted by the term metre-candle-second. 
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with an intensity of 27 metre-candles grows into a filament which may 
reach a length of 2*2 mm. without any cell division occurring; the single 
cell thus formed may be more than 100 times as long as a normal 
prothallial cell. With increasing light intensity there are an increasing 
number of transverse cell divisions and with still higher light intensities 
divisions take place in two directions so that a heart-shaped prothallus 
is formed. With still higher light intensities, 500 metre-candles or more, 
divisions take place in three planes at right angles, so that a solid tissue 
results. 

By using red light and blue light in place of white light Klebs further 
showed that in blue light cell division takes place, but enlargement is 
greatly retarded; red light, on the other hand, furthers growth in length 
but inhibits cell division. From his observations Klebs concluded that 
light has two actions on growth; a trophic action consisting in the 
production of nutrient material, and a blastic action, in which light acts 
as a catalyst, which shows itself as cell division and enlargement. 

Considerable attention has been directed to what is termed the 
‘light-growth reaction’, to which passing reference has already been 
made. This reaction was first described in 1914 by Blaauw as a result 
of observations on the sporangiophore of Phycomyces blakesleeanus, his 
observations being later extended to higher plants. Blaauw’s experi- 
ments showed that when a sporangiophore previously grown in the dark 
is subjected to a certain amount of illumination provided equally on 
four sides, an increase in the rate of growth of the sporangiophore results, 
this increase being followed as a rule by a decrease below the original 
rate and then by slighter variations before the rate is again constant. In 
these experiments a very constant temperature was maintained, the 
variation throughout one experiment not usually exceeding 0*01° C. 
Both the light intensity and time of illumination were varied, so that 
different quantities of light ranging from four times 0*25 to four times 
1,920,000 metre-candle-seconds (M.K.S.) were employed. The actual 
light intensity and period of illumination as such, at any rate within the 
limits imposed by Blaauw’s experiments, do not appear to affect the 
change in growth rate resulting from exposure to light; the extra growth 
appears to be determined by the actual quantity of light. The light-growth 
reaction is characterized by certain quantities, namely, the time which 
elapses between illumination and the commencement of acceleration of 
growth, the maximum rate of growth reached, the time taken to reach 
the maximum and the amount of the extra growth. Since the normal 
rate of growth varies in different individuals the amount of the extra 
growth is expressed in terms of minutes of growth, the time in minutes 
which would be required for the plant to increase in length by the extra 
amount, when growing at its normal rate. The subsequent fall in growth 
and the time taken for the normal rate to be regained exhibit con- 
siderable variations. The mean of the values of the light-growth reaction 
characteristics for different quantities of light published by Blaauw for 
Phycomyces blakesleeanus are shown in Table LXXXIV. 
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Table LXXX1V 


Mean Values of the Characteristics of the Light-growth 
reaction in Phycomyces blakesleeanus 


Light 

quantity in 

Time in minutes 
before growth 
rate changes. 
(Reaction time) 

Time taken in 
minutes for 
maximum growth 
rate to be 
reached 

Maximum value 
of growth rate 
in percentage of 
normal rate 

Extra growth in 
minutes of 
growth 

4 X 0 25 

8*30 

10-90 

121 

0-89 

4X1 

5*33 

8-92 

130 

1-62 

4x4 

8-83 

6-67 

158 

2*69 

4 X 30 

8-60 

710 

194 

5*85 

4 X 210 

3’36 

7-06 

253 

9*82 


Within the limits of light quantity used in these experiments it will be 
observed that the light-growth reaction appears sooner, the greater the 
quantity of light, and the maximum growth rate is also reached more 
quickly. The extra growth produced by the reaction also increases with 
the light quantity, the extra growth being proportional to the cube root 
of the light quantity. With higher light quantities the reaction appears 
to be more complex, as the numbers given in Table LXXXV show. It 


Table LXXXV 

Mean Values of the Characteristics of the Light-growth reaction in 
Phycomyces with higher Light Quantities 


Light quantity in 
M.K.S. 

Reaction time 
in minutes 

Time taken in 
minutes for 
maximum growth 
rate to be 
reached 

Maximum value 
of growth rate 
in percentage of 
normal rate 

Extra growth in 
minutes of 
growth 

4 X 16,000 

3*5 

6*75 

177 

400 

4 X 240,000 

40 

7*33 

175 

6*87 

4 X 1,920,000 

5*3 

7*92 

183 

9 28 


would seem that in addition to the l light-growth reaction’ which brings 
about a temporary increase in growth, there is also what Blaauw calls the 
‘anti-reaction’, which involves a decrease in growth rate. In lower light 
quantities this decrease appears after the light-growth reaction is com- 
pleted (cf. Fig. 40), but in higher light quantities this anti-reaction is 
speeded up and increased in amount more than the light-growth reaction 
with the result that the two overlap and the resulting growth is dependent 
on two opposed reactions. An inspection of the curves shown in Fig. 41, 
representing the change in growth rate with time with higher light quan- 
tities, will make it clear that this -is a possible way of interpreting the. 
results. 
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The light-growth reaction in higher plants was examined in the hypo- 
cotyl of Helianthus globosus and in the roots of Sinapis, Raphanus and 
Avena by Blaauw himself, and in the coleoptile of Avena first by Vogt 
and more recently by a number of other experimenters. In the hypocotyls 
of Helianthus, the roots of Sinapis and the coleopti.le of Avena , the light- 
growth reaction occurs, but results in a decreased rate of growth. Blaauw 



thus distinguished between a positive 
reaction in Phycomyces and a negative 
reaction in these higher plants, while in 
some roots, as those of Avena, and 
Raphanus, there is no light-growth re- 
action. In these multicellular organs 
where the reaction occurs it resembles the 
reaction in Phycomyces in that the reaction 
is followed by an anti-reaction having the 
reverse effect on growth rate, the two 
effects being partly superimposed in 
higher light intensities. The course of the 
reaction in the hypocotyls of Helianthus 



Fig. 40. — Curves illustrating the 
light-growth-reaction in the 
sporangfophore of Phycomyces 

A, 4 X i M.K.8.; B, 4 X 1 M.K.S.; 
c, 4 X 4 M.KJS.; D, 4 X 80 M.K.S.; 

E, 4 X 810 M.K.S. 


10 ZO 30 SO SO 

Time in minutes 

Fio. 41. — Curves illustrating the light-growth-reaction 
in the sporangiophore of Phycomyces blakcskeanus 
in high intensities of light 

A, 4 X 6,000 M.K.S.; B, 4 X 240,000 M.K.S.; C, 4 X 1,920,000 
M.K.S. 


(After A. H. Blaauw) 


(After A. H. Blaauw) 


globosus after illumination with different quantities of light is shown in 
Fig. 42. 

In the coleoptile of Avena, one of the most popular objects of investi- 
gation in growth problems, there appear, from the work of F. W. Went, 
to be separate light-growth reactions in the basal and apical parts of the 
organ. The curves in Fig. 48 show the change in growth rate when (A) the 
whole coleoptile is illuminated, (B) when the apex only is illuminated 
and (C) when the base only is illuminated with a light quantity of 500 
M.K.S. It will be seen that the reaction in the first case is actually the 
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sum of the reactions in the other two. Of these the reaction of the basal 
part of the coleoptile occurs sooner, and is less in amount, than that in 
the upper part of the coleoptile. It has been suggested that the two reac- 
tions can be related to different internal factors, that in the apex to the 
development of a substance influencing growth rate to which reference 

will be made shortly, that in the base 
to a change in the permeability of the 
protoplasm brought about by light, 
the evidence for which rests, however, 
on doubtful foundations. 

In order to eliminate certain errors 
in measuring the light-growth re- 
action, Cholodny introduced a method 
of experimentation in which the cole- 


1 2 
Time m hours 



Fio. 42. — Curves illustrating the light- 
growth reaction in hypocotyls of 
Helianthus globosus 

A, 4 X 4 M.K.S.; B, 4 X 82 M.K.S.; 

C, 4 X 256 M.K.3.1 D, 4 X 2,048 M.K.S.; 

E, 4 X 16,400 M.K.S.; F, 4 X 181,200 M.K.S.; 
G, 4 X 1,050,000 M.K.S. 

(After A. H. Blaauw) 


Fig. 48. — Curves illustrating the light- 
growth reaction of the coleoptile of 
Avena 

A, whole plant illuminated; B, tip only illuminated; 
C, basal part only illuminated 

(After F. W. Went) 


optile was maintained in a stream of running water. Isolated coleop- 
tiles under this condition when suddenly illuminated from two opposite 
sides, exhibited a typical light-growth reaction. About 20 to 80 minutes 
after illumination a decrease in growth rate amounting to 80 to 40 per 
cent, of the original rate, took place. This was followed by a recovery of 
the original rate and subsequent variations as already noted. But if the 
coleoptiles, instead of being subjected to sudden illumination, were sub- 
jected to illumination of low intensity at first, but gradually increasing, 
a quite different effect resulted. The rate of growth now increased with 
increase in light intensity, and then, some time after the full intensity 
was reached, fell again to the original value. Cholodny therefore drew the 
conclusion from such experiments that the so-called light-growth reaction 
is due to an 'energetic shock’, a shock, that is, due to the sudden exposure 
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to illumination of an organ growing in the dark. In fact, the data that 
have been accumulating with regard to the light-growth reaction seem 
to point more and more to its being in the category of a response to a 
stimulus. The analogous thermo-growth reaction, and the fact that a 
dark-growth reaction has been observed when plants are transferred from 
light to a brief period of darkness, also suggest that the light-growth 
reaction is a response to the stimulus of a change in light intensity. 

Wounding. When some of the cells of a tissue are damaged by prick- 
ing, cutting, high temperature or pressure, such treatment nearly always 
leads to the death of the cells affected and sometimes also to that of 
adjacent cells. But cells bordering these latter frequently exhibit renewed 
activity, so that not only meristematic cells, but adult cells in which 
division had ceased, once again divide and enter into the first phase of 
growth, and new tissues are formed. Sometimes this renewed activity 
leads only to the formation of a layer of cork which closes and heals the 
wound, but in other instances a considerable development of new tissue 
known as callus takes place which, in extreme cases, may lead to the 
regeneration of the whole plant from a piece of tissue as, for example, 
when plants of Begonia are obtained from pieces of leaf. 

An examination of the conditions leading to this renewed activity 
following wounding was made by Haberlandt, his observations being 
made chiefly on kohl-rabi and potato. In tubers of these plants wounding 
leads to renewed cell division in the tissue near the wound. If, however, 
a tuber is cut and the surface of the wound washed well with water so as 
to remove the contents of the injured cells, the renewal of cell division 
is much reduced or altogether suppressed. But if the cut surface is then 
covered with a layer of macerated tuber of the same kind the renewed 
cell activity takes place. From these observations Haberlandt concluded 
that the cut cells contained or produced a substance which, on diffusing 
into the intact cells in the neighbourhood of the wound, induced cell 
division, and it seems a possibility that, if this is a correct interpretation 
of the experimental results, such substances may play a part in normal 
cork formation and in other cases where there is a renewal of activity. 
Moreover, if this is so, we may be allowed to suppose that in all meriste- 
matic activity cell division requires the presence of such a substance. As 
in Haberlandt’s experiments the substance produced in one place is con- 
veyed to others, Haberlandt described it as a growth hormone, and it 
appears likely that it is formed in, or carried by, phloem cells, as pieces 
of potato form no cork over a wound if they contain no phloem, while 
such pieces will form wound cork if the cut surface is covered with 
another piece of potato containing phloem. 

The part played by the growth hormone in cell division is obscure. 
If its action is analogous to that of a catalyst, it appears, nevertheless, 
not to be enzymic in character, for it will withstand heating to 100° C, 
without any impairment of its activity in promoting cell division. 

Oxygen Concentration. As their name implies, oxygen is necessary for 
the continued growth of aerobes. This necessity is no doubt due to the 
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part played by oxygen in bringing about the release of energy in respira- 
tion, which, as we have seen, is an essential activity of living matter and 
which is no doubt intimately connected with the building up of materials 
of higher energy content required for growth. It is therefore not surpris- 
ing that below a certain value, which varies with the species, decrease 
in oxygen concentration brings about decrease in the rate of growth. 
Increase in oxygen concentration above a certain value may also lead to 
reduced growth, but in most aerobic plants a considerable retardation 
is not obvious until a pressure of 8 or 4 atmospheres is reached. Some 
workers have attempted to define cardinal points for oxygen concen- 
tration in its relation to growth, and have attempted to determine 
minimum, maximum and even optimum values of oxygen concentration. 
When it is considered that the plant kingdom includes both anaerobes 
and aerobes it is no wonder that both the minima and maxima vary 
widely. Thus for the anaerobe Baclridium butyricum the maximum 
oxygen pressure for growth is 0-001 atmosphere, whereas in some aerobic 
plants it is stated to be as high as 9 atmospheres, though the possibility 
of high pressure itself having a deleterious effect must not be forgotten. 
The minimum also varies, being zero in anaerobes, but generally from 
about 0-1 to 8 per cent, in aerobes, although some very much lower 
minimum values were found by Wieler in 1883. His results are sum- 
marized in Table LXXXVI. 


Table LXXXVI 


Minimum Oxygen Concentrations necessary for Growth 


Species 

Helianthus annum . . 

Viciafaba 

Lupinus luteus . 

Brassica napus . 
Cucurbita pepo . 

Ricinm communis 
BeUis perennw . 
Coprinus lagopus 
Mucor mucedo . 
Phycomyces blakesleeanus 


Oxygen Concentration 

Between 19 x 10~ X1 and 29 X 10“ 4 
19 x KT 11 

Between 5-2 x 10""* and 7*8 x 10“** 
Between 0 08 and 0-51 
009 
009 
009 

Between 0 09 and 0*58 

Between 2-9 x 10” 4 and 4-0 x 10~* 

Between 014 and 0-20 


The range of oxygen pressures over which different species grow also 
varies, but an exact analysis of the relationship of oxygen concentration 
to growth is for the most part wanting. 

Carbon Dioxide Concentration. Carbon dioxide concentration, as a 
factor in growth, acts chiefly through photosynthesis in providing 
material for the growing cells. But in high concentrations carbon dioxide 
exerts a toxic effect on the plant and so reduces growth rate. With some 
roots, carbon dioxide in as low a concentration as 5 per cent, may retard 
growth and in a concentration of 25 to 80 per cent, inhibit it altogether. 
Shoots are generally more resistant, retardation not resulting until the 
concentration is as high as 15 per cent., although inhibition of growth 
may occur in concentrations of 20 to 25 per cent. 
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Water Supply. Since the enlargement stage of growth depends very 
largely on absorption of water, it is clear that the rate of growth must 
depend on the water relations of the growing organ; on the rate, that is, 
at which water is brought to the growing regions, and the rate at which 
it is lost, if at all, by transpiration. Clearly, then, this factor may depend 
not only on the effectiveness of the conducting channels, but also on 
certain external conditions, such as, in the case of an aerial vascular 
plant, the water content of the soil and the relative humidity of the air. 
Thus, according to Walter, the roots of young seedlings of Lepidium and 
Pimm sativum are only able to grow in an atmosphere with a relative 
humidity of 97-5 to 100 per cent., and even at the former value the growth 
is greatly reduced. The growth in length of the roots of the latter in atmos- 
pheres with different relative humidities is shown in Table LXXXVII. 
Walter has also determined the minimum relative humidity for the 

Table LXXXVII 


Effect of Relative Humidity on the Growth of Roots of Young 
Seedlings of Pisum sativum 


Age 

of Seedling 
in Days 


Growth Rate in millimetres per day 


100% R.H. 

99% R.H. 

97 5% R.H. 

95% R.H. 

8 

160 

G 

0 

0 

4 

12 5 

5 

1 

0 

11 

22-5 

. 

14 

4 

0 


growth of a number of fungi and bacteria. While some of these can grow 
in somewhat drier media than can the roots mentioned above, on the 
whole this minimum of relative humidity is surprisingly high (cf. Table 
LXXXVIII). 

TabU LXXXVIII 

Minimum Values of Relative Humidity for Growth 

Minimum Value of 


Species 

Relative Humidity 
in per cent. 

Aspergillus glaucus 

. 85 

Penicillium glaucum 

. 85 

Mucor racemosus 

. 90 

Zygorhynchus exponent 

. 92 

AUemaria tenuis . 

. 985 

Phycomyces blakesleeanus 

. 95 

Bacillus mycoides 

. 96-97 

Chaetocladium 

. 98 


It will thus be readily understood that growth can be retarded or 
inhibited by surrounding cells with solutions of a sufficiently high osmotic 
pressure, by which the absorption of water by the cell is hindered or 
prevented altogether. Some plants, however, have a power of accommo- 
dation to strong solutions, and this must be brought about either by 
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absorption of the solute from outside, or by the development in the cell- 
sap of other osmotically active substances. Sometimes this accommoda- 
tion can only be effected if the increase in external concentration is 
gradual. 

According to Sachs, a turgid condition of cells is necessary for the 
enlargement phase of growth, as through the turgor pressure the cell- 
wall is stretched and then becomes thickened afterwards either by the 
deposition of further material on or in the walls, by apposition or intus- 
susception. Although this simple explanation of growth in size is not 
now accepted, it is clear that growth cannot take place without an 
adequate supply of water, and that where this supply is feeble it may 
limit the rate of growth. 

GROWTH HORMONES 

It has already been noted under the effect of wounding that Haber-' 
landt produced evidence of the existence of a substance which induces 
or furthers cell division. This substance is generally referred to as a wound 
hormone^The term hormone was introduced in 1904 by Bayliss and 
Starling to denote a substance produced in an animal organ and carried 
in the blood stream to another organ where its effect was manifested. 
It is thus a property of a hormone that it is transported from its place 
of origin to another part of the organism. Substances in plants which 
behave in this way are therefore termed plant hormones or phyto- 
hormones. 1 /^ 

While the nature of the wound hormone still remains in doubt, a 
great deal is now known of substances of hormone character which bring 
about cell enlargement. These hormones were at first fappwn as growth 
substances or growth regulators; they are now generally termed auxins. 
the name given to them by Kogl and his collab o rators who determined 
their chemical nature . 

The first definite intimation of the existence of such substances came 
from work on phototropism by Boysen- Jensen in 191^,to which reference 

1 There has been some discussion during recent years of the precise meaning 
which should be attached to the word ‘phytohormone’. It is perfectly clear, having 
regard to the original definition of a hormone, that the term phytohormone should 
refer to a substance produced in the plant and capable of being transported from 
its place of origin to some other place in the plant where its activity is manifested. 
It .was in this sense that the word was originally used. Subsequently, however, 
the term has been used to include many substances which are not known to occur 
in plants but which have been found to produce similar effects to the naturally 
occurring plant hormones. Van Overbeek has suggested a re-defining of the term 
phytohormone as an ‘organic substance, other than traditionally recognized 
energy supplying substances, which regulates physiological functions in plants’. 
Fhytohormones would then include synthetic as well as naturally occurring 
growth-promoting and growth-inhibiting substances, and also those substances 
which affect physiological processes other than growth. Schopfer (Plants and 
VUamint, Waltham, Mass., 1948) has suggested dispensing with the term phyto- 
hormone altogether. 
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will be made in a later chapter early development of our knowledge 
on this subject was largely the work of the Duteh school, including F. W. 
Went, Dolk, Van der Wey, Heyn and others^carried out mainly on the 
coleoptile of Avena. The series of researches performed by these workers 
showed that in the apex of the coleoptile of Avena and of other members 
of the Gramineae there is produced a substance which diffuses to the base 
of the organ. Thus, if the apex (the uppermost 1 to 2 mm.) of the coleop- 
tile is cut off, growth of the coleoptile ceases, but if the coleoptile apex is 
re-fixed to the decapitated stump by means of a thin layer of gelatin, 
growth is renewed. The explanation of this is that a substance is produced 
in the apex which is transported to, and furthers enlargement of, the cells 
in the coleoptile below the apex, and which is responsible for, or assists 
in, the growth in size of these cells. If the apex is not replaced on the base, 
a certain amount of growth does take place after a time owing to the 
formation of some fresh ‘growth substance’ at the top of the decapitated 
stump. That this is a correct explanation of the observed behaviour is 
indicated by the fact that the substance can be extracted from the 
isolated apex and applied to the decapitated base and produce growth 



Fig. 44. — Curves illustrating the growth of coleoptiles of Avena 
N, normal coleoptile; D, decapitated coleoptile; G, decapitated coleoptile treated with auxin at i 
(Constructed from the data of A. N. J. Heyn) 

in the latter. The method adopted to show this is to place the apex, or 
a number of apices, on a plate of gelatin or agar-agar, when the substance 
diffuses from the apex into the plate. A piece of the gelatin or agar, on 
being placed on a decapitated base, then induces growth in the latter, 
just as if the coleoptile apex itself had been placed there. Actually the 
growth substance can be transferred, not only from the coleoptile apex 
to agar, but from one agar block to another. The curves in Fig. 44, con- 
structed from data published by Heyn, indicate the rate of growth in 
normal and decapitated coleoptiles, and in decapitated coleoptiles treated 
with growth substance in the manner described. 

Jf The growth hormone did not appear to be different in different species, 
for that obtained from the coleoptile of one species would further growth 
in another. Thus growth substance from Avena brought about growth in 
the decapitated seedlings of other Gramineae such as maize and barley, 
while Miss Uyldert showed that the growth of the decapitated axis of 
Beilis perennis could be promoted, not only by the replacement of the 
young inflorescence, but also by treatment with the growth hormone 
from Avena. Moreover, Nielsen showed in 1980 that growth hormone 




418 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


capable of furthering growth in oat coleoptiles can be obtained from 
Rhiznpm.* /minus ^ a nd subsequent workers have found that other fungi 
also yield a growth-promoting substance. Thus a preparation of growth 
hormone obtained by Boysen-Jensen from Aspergillus niger was shown 
not only to further the growth of the oat coleoptile, but also that of 
decapitated roots of Vida faba. The presence of a growth hormone has 
now been demonstrated in many dicotyledonous seedlings including 
Raphanus sativus, Lepidium sativum, Vida faba and Lupinus spp., in 
the pollen of many plants, in the shoots of both dicotyledonous and 
coniferous trees and in some algae. Malt extract and urine are other 
sources of growth hormone. Whether all the preparations so obtained 
contain the same growth-promoting substance or substances cannot be 
definitely stated, but it is at least a probability. 

S? The chemical constitution, of the growth hormones was determined 
by Kogl, Haagen-Sm it, and Erxlp.hen. whn iHpnfifipH three different sub- 
stances which they designated auxin a , auxi n & an d heter o auxim. The ‘ 
first of these they isolated from urine and tfielecond from malt and from 
maize germ oil. The third hormone, heteroauxin, was obtained from 
urine and from yeast; it was subsequently shown by Thimann that the 
growth hormone obtained from the fungus Rhizopus suinus and previ- 
ously called rhizopin was actually heteroauxin. 

Auxin a is an organic acid, auxentriolic acid, soluble in ether and able 
to withstand drying and heating to 100° C. and obtainable in crystalline 
form and with the formula C 18 H„0 5 . The structure of the molecule, 
according to Kogl and Erxleben, is indicated by the formula 


CH, 


H 


C,H,— CH— C— C— CHOH.CH a .CHOH.CHOH.COOH 

4 

C,H, — CH— U — CH 


CH, 


H 


Auxin b, with the formula C u H 80 O 4 , is a substance closely related to 
auxin a. It is also an acid auxenolonic acid, with a five carbon atom ring 
to which are attached one straight and two branched chains; it contains 
a ketone group: 


CH, 

I ? 

C,H, — CH — C — C — CHOH.CH,.CO.CH,.COOH 

/ " 

CH, 


CjH 5 — CH — C — CH 


CH. 


H 


It will be observed that the formulae of auxins a and b only differ in 
two terms of the straight chain. 
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Heteroauxin is a nitrogen-containing acid which turned out to be a 
previously known substance, indole-8-acetic acid, C 10 H # O t N, having the 
structural formula: 


A 


~C— CHo.COOH 


HC C CH 

\ / \ / 

C N 
H H 


Heteroauxin is thus nearly related to the amino-acid tryptophane 
(p. 297) which is indole-3-alanine: 


H 

C 

✓ \ 

HC C C— CH 2 .CH(NH 2 ).COOH 

I II II 

HC C CH 


v v 

H II 


Earlier work on the presence of auxins in plants led to the conclusion 
that the growth hormone occurring naturally in higher plants is auxin a 
and that in fungi heteroauxin. Subsequently, however, Haagen-Smit, 
Leech and Bergren isolated heteroauxin in crystalline form from maize 
meal and its presence in both the endosperm and embryo of maize has 
since been demonstrated. There is also evidence that the auxin present 
in tomato leaves and spinach, as well as that in the brown alga Macro- 
cystis, is indoleacetic acid.^ 

Quantitative investigations on auxins necessitate the employment of 
a unit. The first of these, devised in 1931, was the Avena unit or AE 
(/4oeno-Einheit) of Kogl and Haagen-Smit, which was defined as the 
quantity of auxin (contained in a piece of 3 per cent, agar 2 mm. square 
and 0*5 mm. thick) which, when placed eccentrically on the apex of a 
decapitated coleoptile of Avena, produces a curvature of 10° in 2 hours 
at a temperature of 22° to 28° C. and a humidity of 90 to 95 per cent. 
Dolk and Thimann proposed a different unit, the plant unit (or p.u.) 
which was defined as the quantity of substance present in a 10 c. mm. 
block which, when placed eccentrically on the apex of a decapitated 
Avena coleoptile produces a curvature of 1°. When the auxin is applied 
from 40 to 60 minutes after decapitation of the coleoptile, 1 Avena 
unit =■ 2*5 plant units, according to Went and Thimann. Since pure 
heteroauxin, indole-8-acetic acid, can be readily obtained, a known 
quantity of this substance obviously forms a more reliable unit of auxin 
activity. Kogl, Haagen-Smit and Erxleben state that on a molecular 
basis auxin o is about 8*75 times as active as heteroauxin. 

Not only the naturally occurring auxins act as growth-promoting 
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substances. A large number of substances, including many related chemi- 
cally to auxin a and heteroauxin, have been tested by applying them 
eccentrically to the decapitated Avena coleoptile (the ^4i>eno-curvature 
test) and, while some have proved to be inactive, a number of them have 
been shown to act as growth hormones. The activity of these is, however, 
less than that of auxin a. Among such substances examined by Kogl 
were the methyl, ethyl, «-propyl and isopropyl esters of heteroauxin 
which had activities 0*4, 0*12, 0 04 and 0 004 respectively of heteroauxin. 
A large number of compounds containing phenyl, naphthalene and 
indole groupings have been found to possess the properties of auxins to 
a greater or less degree. 1 

The distribution of auxin in plants can be investigated by means of 
the Avena test. Pieces of tissue are placed on agar plates and the auxin 
allowed to diffuse into the agar in the manner already mentioned, and a 
block of the agar is then placed on a decapitated coleoptile and the curva- 
ture resulting if the block is placed eccentrically, or the increase in, 
straight growth if the block is placed symmetrically on the apex of the 
decapitated coleoptile, is then observed. The auxin may also be extracted 
from tissue by a solvent, preferably chloroform, and the extract then 
purified. Or pieces of tissue may be placed direct on the apices of decapi- 
tated coleoptiles and the result observed. Although the Avena coleoptile 
is generally used as the test material, Soding found that seedlings of 
Cephalaria tartarica, a member of the Dipsaccae, are more sensitive 
than the coleoptiles of Avena. The seedling stem is decapitated, the cut 
being very oblique, and the agar block containing the hormone is placed 
on the lower part of the cut surface. By this means quantities of growth 
hormone too small to be recognizable by the Avena test can be recog- 
nized and determined. 

A method which may be employed in testing for the presence of 
auxin in an extract is to mix the extract with lanolin to form a paste 
which is then smeared on one side of a young stem such as that of a sweet 
pea ( Lathyrus odoratus). The diffusion of the auxin into the cells on one 
side of the stem induces increased growth on that side resulting in a 
curvature. 

Another quantitative method for determining auxin, described by 
Went in 1984 and later by Van Overbeek and Went, involves the use of 
Pisum seedlings and is known as the pea test. In this the stems of pea 
seedlings are split longitudinally and immersed in the auxin-containing 
solution. Owing to the inability of the auxin to enter the stem through 

1 As with ‘phytohormone’, so with ‘auxin*, there has been some variation in 
the use of the term. The original auxins were the three naturally occurring ones, 
auxin a, auxin b and heteroauxin, the composition of which was determined by 
Kfigl and his co-workers. Unfortunately the word auxin appears to have lost its 
original precise meaning and is now often used to include synthetic substances 
which have the same effect as the naturally occurring auxins. Van Overbeek would 
define auxins as ‘substances which bring about growth by elongation as measured 
by the Avena test*, and so would include a wide range of synthetic growth 
substances in his definition. 



VEGETATIVE DEVELOPMENT 


421 


the cut surface, the outer side of the stem grows more rapidly than the 
inner with the result that the split ends curve inwards, the curvature 
being proportional to the concentration of auxin. 

In these various ways it has been shown that auxin is undoubtedly 
very widely distributed in the higher plants. The first observations on 
the presence of auxin in the tip of the coleoptile of the Gramineae have 
since been extended to a large number of species in which the presence of 
auxin has been recognized and there can be little doubt that among 
higher plants, at any rate, auxin is a constant constituent. Growth 
hormones have also been shown to be present in lower plants. Thus, Van 
der Weij recorded the presence of growth hormone in the marine green 
alga Valonia and Van Overbeek demonstrated the occurrence of hetero- 
auxin in the brown alga Macrocystis. Reference has already been made 
to the occurrence of heteroauxin in fungi. 

//Kuxin is widely distributed throughout the plant. In the coleoptile 
of the Gramineae it is most concentrated at the tip, the concentration 
falling off rapidly with distance from the apex. The presence of auxin in 
young leaves appears to have been first established by Van der Weij for 
Elaeagnus angustifolius and by Koning for Ipomoea. The observation of 
Soding in 1926 that removal of the inflorescence of Cardamine pratensis, 
Cephalaria tartarica and several members of the Compositae resulted 
in diminution Of the growth of the inflorescence axis suggested the 
presence of auxin in the flower. The presence of auxin in the plumule 
and cotyledons was demonstrated by various workers. Thus Boysen 
Jensen found it more or less uniformly distributed throughout the seed- 
ling of Phaseolus. Thimann and Skoog also found auxin widely distributed 
throughout the young plant of Vida Faba. The presence of auxin in root 
tips was proved by Miss Hawker in 1982 and in pollen by Laibach in the 


sajpe year. 

^^Auxin has been found in many fruits and seeds, but in some of the 
cereal grains, at any rate, the quantity of auxin in the ungerminated seed 
is very small and increases rapidly during germination. This could be 
explained on the view that in the ungerminated seed the auxin is bound 
in some way which renders it inactive, and that during germination the 
free auxin is released from this ‘precursor’. This would explain why 
auxin can be isolated from maize germ oil obtained from ungerminated 
maize grains, the method of preparation presumably involving a release 


of the auxin from the precursor. Went and T himann suggested that th e 
precursor might be an ester of auxin a Since 5 number of these have been 


tested aftd found to be inactive. Subsequent work, however, has indicated 


that auxin is often bound with protein. Thus, Skoog and Thimann, 
Skoog and Byer found that the yield of auxin from Lemna and tobacco 
leaves was considerably increased by treatment with trypsin, thus sug- 


gesting the possibility that the auxin was bound in a complex with 
protein. Gordon and Wildman also obtained auxin from the cytoplasmic 
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l eaves by protease action and par ticularly by hydro- 
Jordon has also shown that the auxin in cereal grains 
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may be bound with proteins. Evidence for this was obtained by deter- 
mining the auxin content of the powdered endosperm and embryo of the 
wheat grain before and after digesting them with trypsin the effect of 
which is to break down the proteins to their constituent amino-acids. 
After digestion the auxin content is three or four times as high as before 
it. Further, when the various proteins of the wheat grain were extracted 
and their growth activity measured by the Avena test it was found to be 
zero, but after digesting the proteins with trypsin the residue from most 
of them was found to contain a quantity of auxin, most being obtained 
from the leucosin, globulin and proteose of the embryo. Gordon considers 
that the binding of the auxin to the protein is a loose one, possibly by 
adsorption. 

Skoog has expressed the view that auxins occur in plants in three 
forms, namely, bound inactive auxin, an active auxin complex and free 
auxin in equilibrium with the other two forms. The bound auxin is 
evidently in the form of the auxin-protein complex and is the so-called 
precursor present in seeds and cereal grains. The active auxin complex 
was assumed to be the form in which auxin causes cell elongation, and 
it has been suggested on no very considerable body of evidence that this 
also might be a protein-auxin complex. 

Although auxin is widely distributed throughout the plant it does 
not follow that it is produced anywhere in the plant. Indeed the work 
with coleoptiles already described indicates that in that organ the sub- 
stance is produced in the tip a nd is transpor ted downwards to the 
growing regions. In some stems it has been found that removing the 
^terminal bud, or terminal and axillary buds, inhibits growth of the 
shoot, indicating that the buds are the seat of auxin production. An 
examination of auxin formation throughout the whole plant of Vida 
faba was made by Thimann and Skoog who found that in plants up to 
a certain age the main seat of auxin production was the terminal bud, 
although all young leaves produced some auxin. After a time, which in 
the plants used by Thimann and Skoog was when they had reached 
a height of about 40 cm., production of auxin in the terminal bud 
stopped. 

In plants other than seedlings auxin formation takes place only in 
light. The fact that in seedlings light may not be necessary for auxin 
formation suggests that in these the auxin is produced from the precursor 
present in the seed and that this process, the release of the auxin from 
the auxinogen, as distinct from the synthesis of auxin or auxinogen, 
does not require light. 

This conclusion is in harmony with the view, for which there is a 
certain amount of evidence, that the auxin present in roots is not pro- 
duced in situ but is transported to them from the aerial part of the plant. 
The matter is, however, not clear for there seems little doubt that when 
provided with glucose or mannite isolated root tips produce auxin for a 
short time. 

A very important observation of Van Overbeek appears at first sight 
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to be at variance with the finding that light is necessary for auxin forma- 
tion. Van Overbeek found that in hypocotyls of Raphanus light reduces 
the sensitivity of the cells towards auxin and later he found with Avena 
coleoptiles that only auxins a and b and not heteroauxin are affected in 
this way by light, a result confirmed by Koningsberger and Verkaik. 
Van Overbeek also found that indole-3-acetic acid is considerably more 
stable in the plant than auxin a. These observations led him to conclude 
that auxins a and b, but not heteroauxin, are inactivated or destroyed 
by light. 

The photoinactivation of auxin can be reconciled with the need of 
light for auxin production when it is recalled that light is required for 
the formation, not of free auxin, but of some precursor of auxin. 

This effect of light on auxin provides an explanation of the light- 
growth reaction in shoots in terms of auxin. The reaction is due to the 
action of light in reducing the concentration of auxin. 

It has already been pointed out that the auxin produced in the coleop- 
tile apex is transported downwards and brings about growth in the 
region below the apex. The path of the transport in the coleoptile is 
apparently through the living parenchyma cells and not in the conduct-/ 
ing tissue of the vascular bundle; at least it cannot be limited to the 
conducting tissue since there are only two vascular strands traversing 
the length of the coleoptile and curvatures resulting from unequal distri- 
bution of auxin can occur in any vertical plane without reference to the 
position of the vascular bundles. The mechanism of the transport is 
obscure. The rate of movement of the auxin is too rapid to be explained 
as due to simple diffusion. The movement also exhibits strict polarity; 
it always takes place in one direction only, from the apex of the coleoptile 
towards the base. In other organs of the shoot, such as hypocotyls, stems 
and leaves, the same polarity appears to exist, although the path of 
transport may, in some species at any rate, be essentially confined to 
the vascular bundles, and probably to the phloem. That the transport 
is confined to living cells is also indicated by the observation that low 
concentrations of ether vapour affect the normal transport of auxin in 
the coleoptile, which then appears to follow the laws of simple diffusion. 
It may be pointed out that if plant organs are supplied with auxin in 
abnormally high concentration it may diffuse as far as the xylem of the 
vascular bundles, and once in the transpiration stream will be carried 
in the stream like any other solute and so may, under such abnormal 
conditions, be carried towards the apex of the organ. 

Although auxin is present in root tips cutting off the tip of a root 
either brings about a slight increase in growth of the root, as in Lupinus, 
Zea mats and Viciafaba, or has no effect on the rate of growth, as in 
Pisum. It might thus be concluded that whereas in shoots and coleop- 
tiles auxin brings about an acceleration of growth, in roots it either has 
a retarding effect or none at all. Experiments by various workers have 
shown that whereas auxin in concentrations which accelerate growth in 
shoots and coleoptiles does indeed bring about a decrease in the growth 
28 
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Tate of roots, very low concentrations of auxin induce an acceleration of 
the rate of growth of these organs. Since high concentrations of auxin 
may bring about a decrease in the rate of growth of stems it may be that 
the difference in the action of auxin on aerial parts of the plant and roots 
is simply related to the concentration of auxin. With increasing concen- 
tration of auxin a point is reached at which the effect changes from an 
acceleration to a retardation of growth, this point being reached at a 
very much lower concentration with roots than with shoots. This does 
not, of course, explain why there should be such a difference in behaviour 
of the two kinds of organs, the reasons for the difference being at present 
obscure. 

There does not appear to exist in roots the strict polarity in its 
movement which occurs in stems, and it would appear that in roots 
auxin can move both away from and towards the tip. 

The mode of action of auxin in coleoptiles, according to the work of 
Soding, De Haas and Heyn, is as follows. After its production in the 
coleoptile apex the substance is transported to the growing region below , 
flere it probably acts in the first place on the protoplasm, but ultimately 
on the cell-wall. Its particular effect on this is to increase t he plastic ity, 
as a result of which the extension of cell-wall produced by the hydrostatic 
pressure of the turgid cell resulting from water absorption is rendered 
permanent^That the plastic extensibility of the cell-wall is increased by 
the action of auxin is easily shown by stretching, by means of an attached 
weight, intact and decapitated coleoptiles. The deformation produced in 
this way is greater in intact than in decapitated coleoptiles, but in the 
latter, after decreasing for 8 hours, the plastic extensibility increases, 
corresponding to the renewed formation of auxin in the new apex. If the 
decapitated coleoptiles are treated with growth substance, the plastic 
extensibility is greater than in similar decapitated, but untreated, coleop- 
tiles. Again, if coleoptiles are placed in water, the resulting absorption 
of water, and consequent increase in length of the organ, is considerably 
greater in intact than in decapitated coleoptiles, whereas the contraction 
in plasmolysis of the intact and decapitated coleoptiles is practically the 
same, which indicates that the greater increase in length of the intact 
coleoptiles in water cannot be referred to an increase in the elastic 
extensibility of the cell-wall. 

Although suggestions have been made regarding the way in which 
auxin affects the cell- wall, the mechanism of its action is still not under- 
stood. 

Keeble, Nelson and Snow have found that if roots of maize and pea 
seedlings are decapitated and then washed in water for 12 or 20 minutes, 
their rate of growth for the next 22 hours or longer is more rapid than 
that of similar decapitated roots which have been submerged in water 
for a similar length of time before decapitation and not after it. From 
this they conclude that a substance is formed at the wound retarding 
growth, the substance being removed when the roots are washed after 
wounding. 



VEGETATIVE DEVELOPMENT 


425 


THE GROWTH RATE OF WHOLE PLANTS 

So far the factors influencing the growth of individual cells, or of 
those of a particular organ, have been subject to discussion, but it is clear 
that the rate of growth of a whole plant must be intimately related to 
that of the growth of its constituent organs. We should therefore suppose 
that, broadly speaking, the growth of whole plants, that is, the total 
increase in size or dry weight, would be influenced in much the same way 
by temperature, light and water content, as is the growth of single cells. 
This is no doubt so, but it must be remembered that the growth of a 
whole plant depends on the rate of cell division as well as on the rate of 
enlargement of cells, whereas it is the latter phase of cell growth which 
has been the main subject of investigation in the growth of individual 
cells and organs. The rate at which the third phase, that of differentiation 
into permanent tissue, takes place may also affect the rate of growth of 



Fio. 45. — Curve of total growth of an annual plant ( Sinapis alba) 

(Based on the data for the growth of a whole crop obtained by R. Ilornberger) 

the plant as a whole, as the amount of permanent tissue will affect the 
production of new materials used in growth and the rate of transport of 
this material to the growing points. 

As a plant grows it is to be expected that, with the increase in the 
amount of leaf and root, the rate at which material is absorbed from 
outside will increase and so the rate of growth will increase. With the 
growth of most plants, assuming external conditions are satisfactory, 
this is, within limits, usually obvious. It is, for example, well recognized 
by most people that the increase in size of an annual plant is slow at first 
but proceeds at an increasing rate as the plant enlarges. This rate of 
increase, however, after a time slows down, and, with flowering, increase 
in size may stop altogether. The curve showing the relation between 
rate of growth of an annual plant with time is therefore of the so-called 
8-shaped or sigmoid type shown in Fig. 45. 

It is not to be expected that the rate of growth of an annual plant, even 
if growing under approximately constant climatic conditions, will rise 
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regularly to a maximum and then fall regularly to zero. Thus, from a 
consideration of available data, Briggs, Kidd and West decided that the 
curve of growth rate of a plant of Zea mais throughout its life has the form 
shown in Fig. 46, the two subsidiary maxima late in the life of the plant 
corresponding to the flowering and fruiting phases respectively, during 
both of which growth activity rises to a maximum value and then falls. 

It is clear that during the first part of the growth of an annual plant 
the rate of growth per plant increases with development. It has been 
pointed out by V. H. Blackman that at any stage in development the 
rate of growth per unit of dry weight of the plant gives an idea of the 
growth activity of the plant, which the rate of growth per plant does 



Fig. 46. — Idealized curve of growth rate of an annual plant (Zea mais) 

(From G. E. Briggs, F. Kidd and C. West) 

not. If it is assumed that the rate of growth is proportional to the dry 
weight of the plant we have the following relation: 

dw 

— — = 7 * 71 ) 

dt 

where w is the dry weight of the plant at any time and — is therefore 

at 

the rate of increase in dry weight. If r is a constant the integration of this 
equation between limits gives this relation in the form 

, W _ 

lo * wr™ 

or W = WoCT 

where W 0 is the initial and W the final dry weight of the plant when T 
is the time it has been growing. The quantity r, which represents the 
fraction of the total dry weight added by growth in unit time, has been 
termed by V. H. Blackman the ‘efficiency index’ of dry weight produc- 
tion, for ‘it represents the efficiency of a plant as a producer of new 
material’. It will be observed that total growth will depend both on the 
initial dry weight of the plant (W 0 ) as well as on the efficiency index r. 
Thus, as V. H. Blackman has pointed out, for high production of 
vegetative material two factors are necessary, namely, large seeds and a 
high efficiency index. 
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It is clear that the efficiency index is not a constant value throughout 
the life of a plant, for it falls off after a time and ultimately reaches zero 
with cessation of growth. Also during the period of active vegetative 
growth external conditions may vary and so modify the efficiency index, 
and determinations of the latter over any particular period must neces- 
sarily give a measure of the average efficiency over the period of observa- 
tion. It is to be noted that where r is itself a function of w , the integration 
given above is inadmissible so that the equation W = W 0 e rT must be 
used with caution in comparing the efficiencies for growth of different 
plants. 

West, Kidd and Briggs have defined ‘relative growth rate’ as the 
weekly percentage rate at which dry weight increases. If R is the relative 
growth rate and w the dry weight we have the relation 

die w 
dt = R T00 

It will thus be seen that the relative growth rate so defined is Black- 
man’s efficiency index multiplied by 100 if the same units are used. 

Other attempts have been made to find mathematical relations 
between the amount of growth and the age of an annual plant. It was 
pointed out by Brailsford Robertson that the sigmoid curve of growth 
resembles in form that of an autocatalytic chemical reaction, a reaction, 
that is, which is catalysed by one of the products of the reaction, but in 
which the amount of material available for the reaction is limited. In such 
a case, if m is the total quantity of material available for the reaction 
and x is the amount transformed after a time t , the rate of the reaction 
at any time is given by the equation 

dx n , 

-ft = ~ #) 

x 

which, on integration, gives the relation log = KL The curve of 

tn — x 

this equation is sigmoid in shape and a number of growth curves have 
been determined which show a general resemblance to it. In the case of 
a growing annual plant it would have to be supposed that the available 
material would be limited by the total amount of growth of which the 
plant is capable; a limit imposed by internal factors. In the equation 
given above, tn would therefore represent total growth and x the amount 
of growth at any time. An agreement with this equation was recorded 
by Reed and Holland for the growth of Helianthus annuus in 1919, and 
Reed has attempted to apply the formula to the yearly growth of some 
perennials. Yet it must be doubted whether the superficial resemblance 
between the growth curve of a plant and the curve for an autocatalytic 
reaction has any fundamental physiological significance, or that attempts 
to stress the resemblance will lead towards the solution of the problems 
of growth. 

The rate of growth of an organism, as pointed out by Briggs, is a 
function of the various factors of the environment and of the internal 
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conditions which are at present unanalysed. Hence change in environ- 
mental conditions may not produce the same change in growth rate in 
two organisms, even when the two have the same rate of growth under 
one particular set of conditions, for the internal factor, a term we may 
use for the sum of the internal conditions, may differ in its components 
in the two cases, and may be affected differently by changes in the 
environmental conditions. Where organisms are grown under constant 
conditions we may regard the growth curve as providing information 
concerning what Briggs has called the ‘drift’ of the internal factor. When, 
however, an attempt is made to determine the effect of any particular 
external factor on the rate of growth it is obviously a difficult problem 
to determine a definite relationship between the value of the external 
factor and the rate of growth which shall be of general applicability, 
owing to this drift in the internal factor. As Briggs puts it, the problem is 
to determine both the drift of the internal factor, and the relationship 
between growth rate and an external factor, from actual measurements 
of growth rates under different external conditions. As a matter of fact, 
growth is dependent upon, and influenced by, such a complex of factors, 
external and internal, that an exact determination of the inter-relation- 
ship of the factors and of their respective relations to the growth rate is 
not to be expected with our present knowledge and with the methods 
of analysis which are at present available. Moreover, it seems necessary 
to regard the growth through the annual life-cycle as changing not only 
quantitatively, but also qualitatively, and the relationships of the various 
factors to vegetative growth may be quite different from their relation- 
ships to reproductive growth. Indeed, the drift of the internal factor for 
vegetative growth appears to involve a reduction in the vegetative 
growth rate, and to lead ultimately to the replacement of vegetative 
growth by reproductive growth. There is much evidence that this drift 
in the internal factor is largely determined by external conditions. These 
are discussed in the later chapter dealing with reproduction. 

THE DEVELOPMENT OF ORGANS 

In the simplest plants growth consists of the enlargement of a single 
cell which ultimately divides into two cells which separate and develop 
into two daughter cells similar to the parents. Examples of such are 
found in the Protococcaceae, the Volvocaceae and the Bacteria. In the 
filamentous algae, and many other Thallophyta, although the cells 
resulting from division do not separate, they remain morphologically 
and physiologically similar, and only exceptionally is there any differen- 
tiation between them. As, however, the plant kingdom is ascended, 
differentiation of the plant body into organs with different functions 
and composed of cells of different forms, becomes more and more evident. 
A particular feature of this differentiation is the early formation in the 
development of the individual of apical growing points of different kinds 
at the two ends of the organism, which thus has a polar structure with 
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an axis. From these two growing points develop respectively the shoot 
and root, by the division, enlargement and internal differentiation of 
the cells of which they are composed. As is well known, by the unequal 
development of the cells of the shoot apex, outgrowths which develop 
into leaves and side branches are formed, the more rapidly developing 
cells being located in definite regions of the outer layer of the shoot apex. 
In the root, on the other hand, the lateral roots arise endogenously from 
cells in the pericycle and therefore have to make their way through the 
outer tissues to emerge from their axis of origin. By the repetition of these 
processes in side shoots and side roots plants of great complexity may 
be produced. In this power of indefinite or open growth, resulting from 
the continuous activity of the apical meristems, the higher plant stands 
in the greatest contrast to the higher animal. 

Since, in many cases, cuttings of cither shoot or root can regenerate 
complete plants, it would appear that the meristematic cells of both 
shoot and root apices have the same potentialities, and if this is so, the 
difference in the modes of growth of shoots and roots must be related to 
the organization of the respective apices. While explanations of the rela- 
tionship between the organization of the meristems and the mode of 
growth of the cells developing from them have been attempted, these 
rest at present on too hypothetical a basis to render a discussion advisable 
in this place. 

THE INFLUENCE OF EXTERNAL CONDITIONS IN MODIFYING 
THE FORM OF PLANTS 

While the major problems of the causal explanation of the normal 
course of development of root and shoot and their constituent parts still 
await attack by physiological methods, considerable information is avail- 
able with regard to the influence of various factors in modifying the 
normal course of development. Changing conditions might result in a 
general reduction or increase in the rate of growth, all parts being affected 
in the same proportion, or there might result a differential change in 
growth rate in different organs, in which event a difference in the general 
form of the plant will result. In such cases the total amount of growth in 
organs of limited growth is generally altered, so that leaves may not 
merely grow more slowly or rapidly, but may, in their final condition, 
be smaller or larger, while they may also show differences in their internal 
structure. Obviously such results must be due to the interaction of the 
external factor under consideration with other factors of the environ- 
ment, or with internal conditions, but only in relatively few cases is there 
much information regarding this interaction of factors. 

Undoubtedly the most familiar example of the effect of external 
conditions on form is the phenomenon of etiolation, but other conditions 
besides light can exert an influence on the form of plants. Some of the 
effects of different conditions are described below. 

Temperature . It was shown by Vogt that in the coleoptile of the oat 
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not only is the rate of growth influenced by temperature, but that the 
total growth of the coleoptile in the dark depends on the temperature. 
The results of his experiments are summarized in Table LXXXIX. It 
will there be seen that up to a temperature of about 18° C. the final 
length of the coleoptile increases with rise in temperature, but that above 
that temperature the total growth is less the higher the temperature. 
The coleoptile, however, develops its full size more rapidly the higher 
the temperature. 


Table LXXXIX 

Final Length and Time of Growth of Coleoptiles of Avena 
sativa at Different Temperatures in the Dark 


Temperature 
in Centigrade 
degrees 



Final Length 
in mm. 

Growth Time in 
Days 

7 5 




1171 

30 

8-4 




120-8 

17 

10 2 




. 131-4 

14 

12-8 




. 150-3 

13 

140 




122-0 

9 

201 




99-4 

5 

202 




94 6 

5 

25 5 




75-6 

4 

298 




59-7 

3-5 

888 




45-8 

3 

88-4 




45-1 

3 

840 




38-0 

3 

351 




35-7 

2-5 

420 




0 

0 


While the earlier observations of Popovici on the effect of tempera- 
ture on roots of Vida faba, Cucurbita pepo and Phaseolus muUijlorus 
also suggest that the total amount of growth in length of cells behind the 
growing point may be affected by temperature, especially when this 
approaches the minimum or maximum for growth, such an effect of 
temperature on total growth does not appear to be a general phenomenon, 
for Miss Graser found the total length of the sporangiophore of Phyco - 
myces blakesleeanus was unaffected by temperature, although the rate of 
growth was very definitely influenced, as described earlier. 

Cases are on record in which temperature plays a very marked effect 
on the course of development. Among lower plants the alga Stigeoclonium 
passes at low temperatures into the palmella condition in which the cells 
are separate in a jelly, while at higher temperatures it forms filaments. 
A somewhat similar behaviour is recorded for Bacterium pasteurianum, 
the cells of which, when the bacterium is grown at 84° C., form short rods, 
but elongate at 40° C. into slender filaments which may be as much as 
150 times the length of the rods at 84° C. Among higher plants Vochting 
‘found that a variety of potato called Marjolin, after exposure for 4 to 5 
weeks to a temperature of 6-7° C., produced tubers in place of the foliage 
shoots normally produced at higher temperatures. 

Light. As already mentioned, of all the factors of the environment 
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which may affect the growth form of plants, light is the most obvious. 
Plants which are kept in complete darkness exhibit the phenomenon of 
etiolation which has certain very definite characteristics. Etiolated plants 
are devoid of chlorophyll and possess a pale yellow colour, and because 
of this absence of chlorophyll are unable to manufacture carbohydrate. 
For this reason an etiolated autotrophic plant with only a small reserve 
of food will be unable to grow, and will consequently exhibit a retarda- 
tion of growth which is a secondary effect of the absence of light and not 
related primarily to the' effect of light on growth. For the examination 
of pure etiolation it is therefore necessary to utilize material containing 
abundant food reserve, and for this reason sprouting potatoes provide a 
favourable object for the study of the phenomena of etiolation. In 
general, the absence of light results, in vascular plants, in greater growth 
in length of stems, but in a reduction in the growth of leaves, with the 
result that etiolated plants have a straggly appearance. There are, how- 
ever, exceptions to this rule. Thus in the Liliaceae the leaves of etiolated 
plants are longer and narrower than those of normally illuminated plants, 
while in Beta vulgaris the leaves of plants grown in darkness are not 
greatly reduced in size as compared with the normal leaves. Vochting 
showed that in absence of light the stems of certain Cacti, Phyllocactus 
and Opuntia , which normally take the form of phylloclades, develop 
more or less radially. 

In general it would seem, as Priestley has suggested, that in absence 
of light there is a different distribution of the growth activities of the 
apical meristem of the stem, from that in light, the increased growth in 
length and reduction in surface suggesting that in the dark the surface 
layers of the meristem make less growth, and the more deeply seated 
layers more, than in the light. 

The characteristics of etiolation are shown, though to a less degree, 
in plants exposed to very brief periods of illumination, or to more pro- 
longed illumination with light of very low intensity. In Fig. 47 arc 
shown results obtained by Priestley with seedlings of Pisum sativum 
subjected to complete darkness and to brief periods of illumination 
(2 minutes, 10 minutes and 60 minutes) each day from an 80 candle 
power electric 'lamp, the distance of the plant from the source of light 
varying from 70 cm. to 80 cm. as the plant grew. It will be observed 
that plants exposed for only 2 minutes each day do not show the com- 
plete etiolation of those grown in total darkness; on the other hand, 
chlorophyll apparently developed only in the plant exposed for 60 
minutes each day. It would thus appear that since light exposures too 
short to induce chlorophyll formation reduce the characteristics of 
etiolation, the subsequent development of normal structures in etiolated 
plants cannot be due to products of photosynthesis, but rather to some 
photochemical reaction comparable, perhaps, to that which must be 
involved in the light-growth reaction. 

The changes in external form characteristic of etiolated plants are 
accompanied by changes in internal structure. Among the latter, in 
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Viciafaba, for example, Priestley has recorded that the diameter of the 
stele relative to that of the stem is smaller in etiolated than in normal 
plants, and both xylem and sclerenchyma are less developed. Accord- 
ing to Priestley, one of the most striking differences between etiolated 
and normal stems may be the formation in the former of a typical 
endodermis with Casparian strips. In the etiolated shoot the stele is 
first limited by a starch sheath (never present in roots of Viciafaba) 
which the endodermis later replaces. Priestley held the view that the 
cell-walls of an etiolated shoot differ from those of one grown in the 
light in that they contain more fatty substances, and that in the change 
from the starch sheath to the endodermis carbohydrates are replaced 
by fatty substances deposited in the Casparian strip. Priestley further 
thought that the redistribution of growth at the apex of an etiolated 
shoot, to which reference was made above, is to be traced to the greater 
difficulty of the meristem in obtaining material from the vascular supply 
when the plants are grown in the dark, owing to the walls of the cells- 
between the vascular tissue and the meristem becoming relatively 
impermeable on account of the presence in them of fatty substances and 
proteins. 

It should be observed that not all plants are equally affected by 
absence of light as regards change of form. Thus, according to Priestley, 
etiolation effects are much less marked in Phaseolus muUiflorus than in 
Vicia faba. 

Not only does the complete absence of light, or intermittent illumina- 
tion for very short periods, induce modification in the form of plants, 
but feeble light intensity for normal periods of illumination may also 
result in changes in form. The most familiar example of this is found 
in what are called ‘sun’ and ‘shade’ leaves, which are produced in a 
number of woody plants, including Fagus sylvatica and Corylus avellana. 
Leaves which have developed in weak light as compared with those 
which have expanded in the sun, are thinner and generally possess 
relatively less palisade tissue, while the epidermal cells are larger, with 
more irregular walls and a thinner cuticle. Here again, some species are 
much less affected by differences in light intensity than others, so that 
stable and labile species are distinguished according to the little or great 
effect of light intensity upon their form. 

A large number of miscellaneous observations on the influence of 
light on the development of different organs of plants are on record. 
Thus, Stahl stated that in darkness Adoxa forms tubers instead of 
runners, while Vochting recorded many changes in the production of 
flowers as a result of darkness, including the fact that while in some 
plants, as, for example, Tropaeolum, flower buds are able to form and 
develop in darkness, in others, such as Mimulus luteus, no flowering 
occurs even in weak light. 

Water Content. After light, no factor of the environment has so great 
an influence on the form of plants as the water content of the environ- 
ment. It has already been noted that the enlargement of the growing 
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cell depends on a supply of water, and it is therefore not surprising that 
limitation of the water supply of plants may lead to dwarfing. Generally 
speaking, plants of habitats with an abundant supply of water are 
characterized by a luxuriant growth, the foliage being well developed 
and often with a high water content, whereas plants of dry regions tend 
to be stunted in form with a leaf surface much reduced, while devices 
for the reduction of transpiration are developed. Further, not only are 
the normal forms of plants of different species related to the water 
content of their respective habitats in this way, but there is a direct 
effect of the water content of the environment on the form of plants. 
When grown in a dry habitat plants tend to develop more collenchyma 
and sclerenchyma, while the leaves have a thicker cuticle, whereas in 
an abnormally wet habitat collenchyma and sclerenchyma may be 
reduced or absent altogether, the xylem is feebly developed and the 
leaves develop a thin cuticle. Thus gorse (Ulex spp.) and broom ( Cytisus 
scoparius), when grown in moist conditions lose their spiny character, 
and the former, at any rate, might be mistaken for a different genus. 
Among species which are particularly affected by differences in water 
content are the dandelion ( Taraxacum, dens-leonis), in which the leaves 
of specimens growing in wet habitats may be 5 times as long as those of 
plants growing in dry conditions (Fig. 48). 

While under natural conditions it is usual for a high water content 
of the soil to accompany a high relative humidity of the air, this is not 
necessarily so, and it would appear that the water contents of the two 
parts of the environment of a land plant do not influence growth in the 
same way. It will be sufficient in this matter to refer to the observa- 
tions of Kohl published in 1886. Plants of Tropaeolum majus were 
grown in different combinations of dry and damp soil with dry and 
moist air. Plants in a habitat both parts of which had a high water 
content produced leaves with 5 times the area of those grown in a dry 
soil and dry air. Leaves of an intermediate size were produced on plants 
when either the soil or the air was moist and the other part of the 
habitat dry. On the other hand, the thickness of the cuticle depended 
only on the humidity of the air; if this was high the cuticle was thin 
whether the plant was grown in wet or dry soil. While collenchyma was 
absent when both soil and air possessed a high water content and only 
feebly developed when relative humidity of the air was high and the 
soil dry, in dry air it was well developed. It thus appears that a restricted 
water supply to the roots may have a different influence on the develop- 
ment of the plant from a low water content due to excessive transpiration. 

Nutrient Substances. The supply of the various necessary nutrients 
of the plant may influence, not only its rate of growth, but also its 
form. Particularly sensitive to this factor is the passing over from 
vegetative to reproductive growth, a matter to be dealt with in a subse- 
quent chapter. Starvation in respect of any particular nutrient may 
result in deviation in form from the normal. 

Poisons. Many poisons not only retard plant growth, but bring 
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about abnormal development. Conspicuous among such effects are those 
produced by gases such as those present in smoke of various kinds. For 
example, in seedlings of Vida exposed to the action of tobacco smoke 
the shoots remain short but are comparatively thick and grow in abnor- 
mal directions. Plants of Impatiens sultani exhibit a creasing of the 
leaves, while other results of the action of smoke are an abnormal 
development of lenticels and inhibition of anthocyanin formation. A 
very common result of the action of smoke is premature leaf-fall. For 
these effects produced by smoke the ethylene and acetylene present are 
probably chiefly responsible. 

Many substances which, in even moderate concentrations, are 
poisonous to plants, are stated to bring about an increase in growth 
rate of whole plants when presented to the latter in sufficient dilution. 
Many salts of non-essential metals have been said to act in this way. 

Parasitic Organisms. The attacks of parasitic organisms may result 
in profound changes in the growth forms of plants. The hypertrophy Of 
certain organs is a frequent result of such attacks. The abnormal develop- 
ment of the roots of plants of the genus Brassica resulting from attack 
by Plasmodiophora brassicae is a familiar example, and the production 
of irregular swellings in the rhizomes and tubers of a number of varieties 
of potato by Synchytrium endobioticum. Other parasitic fungi produce 
deformation of leaves, such as the peach leaf curl due to attacks by 
Exoascus deformans, or abnormally shaped fruit as in the case of pocket 
plums caused by Exoascus pruni. Attacks by small animals produce 
even more marked modifications of form, hypertrophy of tissues in the 
neighbourhood of the attack giving rise to what are known as galls. 
The Cupuliferae, and particularly the genus Quercus, are most liable to 
attacks of this kind, but gall formation is met with in a number of 
other families, particularly Compositae, Salicaceae, Rosaceae and Legu- 
minosae. Gall-like structures are also caused by some fungi, as, for 
example, by Exobasidium vaccinii on Vaccinium vitis-idaea. A descrip- 
tion of galls and other abnormal developments of plant tissues will be 
found in Kuster’s books on the subject noted at the end of this chapter. 

CORRELATION 

In investigating the physiology of the higher plant it is not unusual 
to treat individual organs as if they were complete entities; to investi- 
gate the photosynthesis of detached leaves, for example, or the water 
relations of detached organs or even isolated pieces of tissue. Such a 
method of treatment is often necessary in order to analyse the numerous 
vital processes which make up the plant’s activity. At the same time 
it must be borne in mind that the various organs of a plant are inter- 
related in their activities, the roots absorbing material necessary for the 
assiinilatory processes which take place in the leaves, while the develop- 
ment of the roots depends on the manufacture of assimilates in the leaf 
and their conduction to the growing points. But the various constituent 
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organs of a plant are inter-dependent in their development not merely 
through these more obvious nutritional relations; a closer relationship 
exists between the parts than can be accounted for solely on these lines. 
Thus, to quote a familiar example of this inter-dependence, if the ter- 
minal bud of the shoot is removed, very frequently a lateral bud, which 
previously remained dormant, now develops and carries on the growth 
of the shoot. In fact, every organ and, indeed, every cell, develops in 
such a way that all the organs or cells which make up the plant body 
form one harmonious whole in which the parts fit in with one another as 
regards form and function. If the system is disturbed, for example, in 
the way just mentioned, by the removal of the terminal bud, there is a 
tendency for development to take that direction which leads towards a 
restoration of the former conditions, in this case by the development of 
a lateral bud. For these inter-relationships of one organ with another 
and with the whole organism the term ‘correlation’ is employed, and 
we must suppose that these correlative relationships whether merely 
nutritional or of more subtle origin play a most important part in 
determining the course of development. 

One of the best-known examples of correlation, the dormancy of 
certain lateral buds when the terminal bud is active, and the wakening 
into activity of one of these lateral buds on removal of the terminal bud, 
has already been mentioned. Among other comparatively simple ex- 
amples are the three following observed by Goebel. In some cases, when 
a number of leaves are removed from a plant, the remaining ones develop 
larger. Removal of the larger leaves from a branch of certain trees will 
result in the expansion of the axillary buds without removal of the 
apical bud. Removal of the lamina of leaves of the broad bean results 
in enlargement of the stipules if the operation is performed sufficiently 
early in development. Vochting showed that similarly shoots that 
would normally be reduced to thorns could be brought to develop into 
ordinary shoots. Other simple examples of correlation are observable in 
the potato. Here, if the aerial shoots are removed, buds which would 
normally form underground stems grow into foliage shoots above the 
ground, while in some varieties aerial shoots may be induced to form 
tubers if the formation of normal underground tubers is prevented. 

No doubt the way in which correlation acts varies in different cases. 
Sometimes, perhaps, correlative effects depend solely on nutrition. 
Thus, in the case mentioned above, where removal of a proportion of 
leaf rudiments on a shoot leads to a greater development of the remain- 
ing leaves, it might be argued that more food is now available per leaf. 
It was at one time thought that the development of lateral buds on 
removal of the terminal bud was to be explained on somewhat similar 
lines, namely, by the accumulation of shoot-forming nutrients at the 
upper end of the stem. That the development of dormant lateral buds 
involved more than this is indicated by the work of a number of in- 
vestigators of recent times, among whom Loeb and Snow deserve special 
mention. 
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Loeb’s investigations were made chiefly with Bryophyllum calycinum. 
In this plant the arrangement of the leaves is decussate, there being, 
as usual, a bud in the axil of each leaf. If a piece of stem is separated 
from a plant and, after all the leaves are removed from the piece, it 
is placed horizontally with the line joining the morphologically upper- 
most pair of buds vertical, only this pair of buds will commence to 
develop into shoots, while the growth of the lower of the pair is soon 
retarded or even stops. No other buds develop. If the upper bud is 
removed, the lower bud grows rapidly, but one or both of the two buds 
of the node next below (morphologically speaking) also sprout. 

Loeb explained these results by assuming that a bud, on beginning 
to grow out, produces substances which pass from it and travel towards 
the base of the stem. These substances inhibit the growth of other buds 
into which they diffuse. It was supposed that the substances travel in 
the conducting tissue in the side of the stem on which the bud is borne, 
but that they also tend to travel downward. Hence in the first case, 
where no buds are removed, the inhibitory substances produced by the 
morphologically uppermost bud on the physically upper side of the shoot 
find their way to all other buds on the stem and retard or inhibit their 
development; when, however, this upper bud is removed, the inhibitory 
substances from the remaining bud, which is on the lower side of the 
shoot, do not reach the neighbouring pair of buds, since, owing to the 
decussate arrangement of the leaves, these are situated above the 
developing bud producing the inhibitory substances. These latter do, 
however, succeed in reaching buds farther away from the morphological 
apex of the stem. 

That the behaviour just described cannot be explained as due to the 
apical bud absorbing all the shoot-forming material because it is the 
first to grow out, is indicated by the fact that in a piece of stem treated 
in the same manner as that described above, but with the petioles (only) 
of the morphologically uppermost pair of leaves left attached to the 
stem, all the other leaves being ‘entirely removed, the growth of the 
apical pair of buds is prevented or retarded, and the buds of the node 
below grow instead. The presence of the petioles has an inhibiting effect 
on the development of their axillary buds. But as soon as the petioles 
wither and fall off, the two apical buds develop and soon exert their 
inhibitory action on the growth of the two buds morphologically lower 
down the stem, as a result of which the development of these latter buds 
is soon retarded or stopped. 

It would thus appear that not only does the growing bud produce 
growth-inhibiting substances which travel towards the base of the stem, 
but that the leaf also forms such substances which inhibit the growth 
of shoots. Thus, if a stem of Bryophyllum calycinum is placed horizontally 
in the way already described, and all the leaves removed except those 
of the morphologically uppermost node, no shoots are produced at all. 
Removal of one of the pair of leaves at once results in the sprouting of 
the corresponding axillary bud. That the leaf and developing bud should 
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behave similarly in this respect is not surprising, since the development 
of the bud is so largely a development of leaves. 

Although the leaf thus inhibits shoot formation lower down the stem, 
adventitious roots are formed in abundance at the nodes. It is possible 
that the leaf also produces substances which further root formation, or 
it may be that the same substances which inhibit shoot formation have 
a furthering action on the development of roots. 

Numerous other experiments of a similar kind were performed by 
Loeb in support of his view of the production of inhibitors of shoot 
growth. They scarcely explain, however, why the morphologically upper- 
most bud develops first. Loeb’s explanation of this is that when a piece 
of stem is cut out from the intact plant, the inhibiting substances 
which have travelled downwards from the apex of the shoot. are dis- 
tributed throughout the cut piece of stem. The inhibitors now continue 
to move towards the morphological base of the stem and so the buds 
at the morphological apex will be clear of inhibitors before those lower 
down, and so will grow out first and continue to inhibit the growth of the 
others. 

It is to be noted that, by similar experiments with shoots of Bryo- 
phyllum calycinum in which leaves were removed from various parts 
of the stem, Loeb showed that a leaf also produces substances which 
travel towards the apex of the stem and further shoot development. 
It is, however, not clear whether these are simply sugars and other 
nutrient substances, or whether they are unknown substances of hor- 
mone character like the inhibitors. 

A number of years before Loeb’s conclusions were published Dostal 
had recorded that, in species belonging to 15 different families, after 
removal of the apical bud, the axillary buds developed more rapidly if 
their respective leaves were removed than if these leaves were left 
attached to the stem. Dostal concluded from these and later com- 
paratively recent observations that the leaves produce a substance 
which inhibits the development of their own axillary buds. As the 
inhibitory action only occurs if the leaves are allowed to assimilate or 
are otherwise supplied with nutrient material, Dostal concluded that 
the substance inhibiting growth was formed in the leaves during their 
metabolism. 

The inhibiting action of the leaf has been more recently investigated 
by Snow in young seedlings of the edible pea, Pimm sativum. Here, by 
removal of different leaves, it was shown that almost the whole of the 
inhibiting effect of the shoot upon the axillary buds comes from three 
(or four) of the leaves developing towards the shoot apex, namely, 
the two largest leaves which may be regarded as still forming part of 
the terminal bud and the leaf next below it. The leaf of Pimm sativum, 
that is, only inhibits during a certain stage in its development; it begins 
to inhibit when it reaches a length of 2 to 2-5 mm., continues to do so 
with increasing strength as it increases in length up to 20 mm., after 
which its inhibiting action declines until by the time the leaf has reached 
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a length of about 45 mm. its inhibiting action is negligible. Vida faba 
and Phaseolus muUiflorus behave, in general, similarly. 

The complete inhibition of axillary bud expansion is only brought 
about by all the three or four leaves mentioned; removal of one or two 
of these leaves results in only partial inhibition, so that the buds grow 
out, but more slowly than would be the case if all the inhibiting leaves 
were removed. When seedlings are decapitated, leaving only the lowest 
of the inhibiting leaves attached to the seedling, the inhibition increases 
with distance from the leaf, the growth of the bud being the more 
retarded the greater the distance of the bud from the inhibiting leaf, 
the strength of inhibition increasing with increase in length of the 
intervening portion of the stem. This explains why axillary buds nor- 
mally grow to a certain length before ceasing to grow. Their growth is 
only inhibited when, owing to the growth of the main shoot, they attain 
a certain distance from the inhibiting leaves at which the inhibition is 
strong enough to stop growth. 

The increase of inhibitory activity with distance is itself not easily 
explained. As Snow pointed out, it makes it difficult to suppose that 
the transmission of inhibition consists solely in the transport of a soluble 
substance which induces inhibition of growth. He therefore suggested 
that such a transmission is one stage only of a complex process, while 
other stages may be responsible for the increase in inhibition with 
distance. 

In further work Snow experimented with young seedlings which, 
by decapitation through the epicotyl, had developed two equal shoots 
growing from the axils of the cotyledons. In such plants the removal 
of all the leaves longer than 1 mm. from one of the shoots brought 
about the rapid cessation of its growth, a result attributed to the in- 
hibitory action of the intact shoot. The result was the same whether the 
plant grew in bright or in very dim light. 

At this point reference must be made to the observations of Jost 
published in 1898 on the influence of leaves on cambial growth, in 
which it was shown that this growth generally takes place only when 
leaves are present, and that the effect of the leaves in promoting cambial 
growth travels downwards. Since this effect is observable, at any rate 
in Phaseolus, even when plants are grown in the dark, it would seem 
that it cannot be attributed to the production of nutrient material in 
the leaves and its translocation therefrom. Hence it has been suggested 
that here again a growth-promoting substance might be formed in the 
leaves and travel from them to the cambial region; that, indeed, there 
might be here another example of hormone formation and action. More 
recently Snow has shown that this influence favouring cambial develop- 
ment can traverse a protoplasmic discontinuity, such as a piece of moist 
linen, and is therefore in all probability actually a hormone. Among the 
experiments performed by Jost were some in which the stems of young 
plants were partially split longitudinally so that attached to the con- 
tinuous length of shoot was a portion attached only at the top or bottom 
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(cf. Fig. 49), Such strips of tissue attached at the upper end continue to 
grow in thickness while those attached at the lower end do not grow. 
This observation was confirmed by Snow in the case of Vida faba. Here, 
not only does the strip (the ‘cut’ half) attached at the upper end (down- 
ward pointing strips) grow in thickness, but it grows to practically the 
same length as the part of the stem remaining in line between stem apex 
and root (the ‘in-line’ half). These results are interpreted by Snow as 
indicating that there is a downward flow of a substance from the apical 
region of the shoot furthering the elongation of the short internodes; 
this substance would be of a similar kind to the growth-promoting 
substance demonstrated so definitely in Avena coleoptiles. There is some 
evidence that it can travel both up- 
wards and downwards, though not (V\ rT\ 

very far. yjf 

There is thus reason to suppose >5 

that hormones are concerned in (1) the ' 

elongation of the stem, (2) the inhi- JLjpf 

bition of bud development, and (3) s i 

the development of the cambium. At V 

one time Snow inclined to the opinion \ II 

that a separate hormone was concerned n 

in each of these processes, but lately WV 

evidence has been accumulating sug- yl y 

gesting that the same hormone, I 

auxin, is involved in all of them. y W 

Obviously auxin can be held respon- 1 

sible for the elongation of the inter- 

nodal cells, while Thimann and Skoog „ „ T . . . # 

9 6 Fig. 49. — For explanation see text 

have shown that the application of (From r. snow) 

agar containing auxin to the tops of 

decapitated stems inhibits the development of the axillary buds. 
More recently Snow found that the application of either auxin a 
or heteroauxin to the upper ends of decapitated seedlings of Helianthus 
annuus induces active cambial development. It would thus appear that 
the same hormone, in travelling downwards through the shoot, induces 
both cell elongation and cambial development in that shoot, but tends 
to inhibit the development of the axillary buds. 

The opinion that the production of adventitious roots by stem 
cuttings was determined by hormones produced in the aerial parts of 
plants appears to have been first expressed by Van der Lek. He reported 
in 1925 that root formation in cuttings of a number of woody species of 
Salix , Populus and other genera is inhibited by the removal of buds. 
Further, partial ringing of the outer tissues below the buds down to the 
wood reduces root formation. From these observations the conclusion 
was drawn that in the buds hormones are produced and these travel 
downwards through the outer tissues of the stem, probably the phloem, 
and induce root formation in the lower part of the cutting. Similar 
29 
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observations with Acalypha were recorded four years later by F. W. 
Went. Other observations by Went on Acalypha and Carica papaya 
afforded strong confirmation of the hormone theory of root formation. 
Detached leaves of these plants were placed with their stalks in water, 
and the water then subsequently evaporated at low temperature to a 
small bulk. It was then mixed with warm 8 per cent, agar and the 
mixture allowed to set. Application of this agar to areas near the top of 
defoliated stem cuttings of Acalypha promoted the development of 
adventitious roots at the base. A preparation of diastase had the same 
effect, and as root development was furthered even with diastase pre- 
paration which had been boiled, it would appear that the growth-promot- 
ing substance is not the enzyme itself, which is thermo-labile, but some 
substance accompanying it in the preparation. 

Subsequent work by Thimann and Went showed that the root- 
forming hormone is widely distributed in the plant kingdom. It has been 
found in wheat embryos, leaves of Helianthus annuus, Prunus lauro- 
cerasus and Malva sp., etiolated buds and shoots of Pisum sativum , the 
pollen of a number of species, rice polishings and in urine. To this hor- 
mone the name rhizocaline was at first given but subsequent work 
showed that rhizocaline is either identical with auxin or that one of the 
root-forming hormones, if there should be more than one occurring 
naturally, is auxin. Thus, not only were the chemical properties of the 
root-forming hormone found closely to resemble those of auxin, but 
auxin b and heteroauxin, in the form of preparations from Rhizopus and 
also as synthetically prepared indole-3-acetic acid, were found to be 
effective in inducing root formation. 

A number of synthetically prepared substances have been found to 
induce root formation and, according to Went and Thimann, all sub- 
stances which act as growth hormones also induce root formation. 
Among such may be mentioned indene-8-acetic acid, phenyl acetic acid, 
oc-naphthalene acetic acid and various substances containing a phenoxy 
group. Among the latter 2, 4, 5-trichlorophenoxy acetic acid and the 
corresponding propionic acid and 2, 4-dichlorophenoxy propionic acid 
and the corresponding dibromo compound were found by Hitchcock 
and Zimmerman to be particularly effective. Much use is now made in 
horticulture of synthetically prepared substances for inducing rooting of 
cuttings. 
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CHAPTER XVII 


PERIODICITY 

One of the most evident characteristics of plant activity is that it is 
rhythmic. To all dwellers in a temperate climate this rhythm is obvious, 
for it has the profoundest influence on the general aspect of the country, 
and provides a contrast between summer and winter hardly less striking 
than the differences in temperature and illumination. For, undoubtedly 
related to these physical factors of the environment, plant activity in 
general reaches a maximum in summer and falls to a minimum in winter, 
to rise to a maximum again with the return of higher temperatures and 
longer periods of, and more intense, illumination. This rhythm is most 
impressive perhaps in trees and shrubs, the majority of which lose their 
leaves in autumn and remain bare until the following spring, giving the 
whole countryside a completely changed aspect. Herbaceous biennials 
and perennials for the most part exhibit a similar behaviour, and 
remain in a dormant condition throughout the winter, in the form of 
bulbs, rhizomes, or other so-called perennating organs. In annuals the 
same periodicity occurs, although the rhythmic period corresponds to 
the whole life-history and the organ of propagation, here the seed, can 
be regarded as a perennating organ. 

In addition to this annual periodicity, most plants exhibit a daily 
periodicity in their activities. Generally it is obvious that this is directly 
traceable to daily rhythmic alternations of temperature and illumin- 
ation. Further reference is made to this daily periodicity in a later 
chapter. 

There are also instances of periodic changes in activity which, being 
neither daily nor annual, appear to have no direct relation to external 
conditions. Such for example is the alternation of generations which 
occurs in the alga Dictyota, or the periodic changes in the development 
of the higher and many of the lower plants in which the period of 
vegetative development is followed by the development of reproductive 
organs. Some instances of this are referred to below. 

ANNUAL PERIODICITY 

The annual rhythm of the higher plants is marked, then, by an 
alternation of a period of active development with one of rest or com- 
parative inactivity. In some species it is clear that the rest period is 
directly due to low temperature or poor illumination which is insufficient 
to enable the metabolic processes of the plant to proceed. This appears 
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to apply to some of our common weeds such as groundsel ( Senecio 
vulgaris) and chickweed ( SieUaria media), which continue to grow and 
flower so long as conditions are favourable. But with most plants the 
rhythm, although corresponding with seasonal periodicity, appears to be 
something innate or ‘aitiogenic’, and not related directly to environment, 
since changes in the periodicity of the environmental factors will not 
bring about corresponding changes in the rhythm exhibited by the plant. 
The following considerations will make this clear. 

1. Many bulbous plants, such as hyacinths, tulips and narcissi, 
develop their aerial parts in spring, but when, with the production of 
flowers, growth ceases, the aerial parts die down, although the conditions 
may remain suitable for vegetative growth and activity for another 
4 or 5 months. The same is the case with many plants in which pro- 
duction of flowers and fruits terminates the activity of the individual 
either temporarily or permanently. Indeed, we may suppose that the 
majority of the higher plants exhibit an aitiogenic rhythm of this kind 
if we are right in assuming that vegetative development will give place 
sooner or later to the development of flowers and fruits, even if the 
plants are exposed to the same conditions day after day. Recent work 
has shown that we have every reason to make this assumption. In such 
circumstances we must suppose that during vegetative growth reactions 
proceed which result in the production of substances which lead to the 
formation of reproductive, instead of vegetative, organs. 

2. In the chapter on germination it has been pointed out how the 
seeds of many species remain dormant even when the conditions of the 
environment are such as to permit of germination. Some cases, those 
where germination is delayed on account of insufficient development of 
the embryo or the need for chemical changes in the seed (‘after-ripening’), 
can be compared with that of reproduction following vegetative develop- 
ment, inasmuch as the reactions of one period lead up to and determine 
the next. 

8. It can easily be shown that the dormant condition of deciduous 
trees is not necessarily contemporaneous with low light intensity or low 
temperature. Molisch quotes the case of the small-leaved lime (Tilia 
parviflora) in this connexion. If the twigs of this tree are placed with 
their cut ends in a vessel of water in a warm greenhouse immediately 
after leaf-fail early in October, they remain without any apparent renewal 
of activity often until the end of February or later. But if twigs of the 
same plant are removed from the tree in early spring and subjected to 
the same treatment they sprout at once. Another case quoted by the 
same authority is that of the cherry and other fruit trees. Twigs taken 
from the trees in early October and placed with their cut ends in water 
in a warm room exhibit no renewal of activity by the end of the year, 
but if removed from the tree early in December, traditionally on St. 
Barbara’s Day, the 4th of December, and similarly placed in water in a 
warm loom, the flower buds open for Christmas. Such cases can be 
multiply almost indefinitely. A rest period appears to be necessary 
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before either leaf or flower buds can continue their development, and 
this rest is such that the mere provision of suitable external conditions 
for development is insufficient to reawaken the organs concerned to 
renewed activity. 

IMPOSED AND SPONTANEOUS REST 

It will thus be seen that the condition of dormancy of resting plants 
or organs may be of two kinds, a rest imposed by the external conditions 
of the environment, such as low temperature and inadequate illumina- 
tion, a dormant condition which gives place to activity directly the 
external conditions become favourable, and a rest which cannot be 
broken merely by exposing the plant to external conditions normal for 
growth. Various names have been suggested to differentiate these two 
kinds of inactivity, but here the terms ‘imposed rest’ and ‘spontaneous 
rest’ will be used to distinguish between the rest imposed by the con- 
ditions of the environment and the rest which appears to develop spon- 
taneously without direct connexion with the external conditions. The 
duration of the spontaneous rest period varies considerably from species 
to species. In Northern temperate climates the period of spontaneous 
rest in winter buds may be over in December, as in the case of the 
flower buds of Forsythia, or it may persist, as in the buds of oak, ash 
and beech, until well into April. It will be clear that those buds in which 
the spontaneous rest period terminates early in winter may still remain 
dormant after the end of the period. Different kinds of buds of the 
same individual plant may also possess different rest periods. Thus in 
hazel the spontaneous rest period of the staminate catkins comes to an 
end at about the end of November, that of the carpcllary catkins in 
January, while that of the leaf buds does not end until March. 

PREMATURE RENEWAL OF ACTIVITY 

In dealing with the problems of dormancy in seeds it was shown that 
it is possible by means of various devices to bring resting seeds to 
germinate before they are capable of doing so under normal conditions 
of germination. Similarly with other plant organs, such as resting buds, 
it is possible to bring about premature renewal of activity. Such a 
premature renewal of activity is sometimes observed in nature. When 
oak trees are defoliated by attacks of a caterpillar, a fresh crop of leaves 
may sometimes develop late in the season from buds which would 
normally rest through the winter and not sprout until the following 
spring. Such behaviour has been noted with many trees and shrubs 
and may be produced by artificially removing the leaves from such 
plants. As well as defoliation many other methods have been devised 
for breaking down the spontaneous rest period of plants or plant organs. 
The most important of these are summarized below. 

1. Low Temperature . Muller- Thurgau in 1885 recorded that potato 
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tubers that normally required a period of rest before sprouting, would 
sprout at once if kept at a temperature just above 0° C. for fourteen days 
immediately after harvesting. At this low temperature the sugar-starch 
equilibrium shifts so that more sugar is produced and it is possible that 
mobilization of the food reserve is the factor responsible for the renewal 
of activity under these conditions. 

2. Etherization. Johannsen in 1900 described how lilac and other 
woody plants might be brought out of their resting condition in autumn 
and winter by exposure to an atmosphere containing a certain propor- 
tion of ether. Thus, when potted plants of lilac were enclosed for 1 to 2 
days in the middle of November in a chamber containing 80 to 40 grams 
of ether per hectolitre of space and kept at about 18° C., the plants came 
into flower in 3 or 4 weeks. The rapidity of the action depends on the 
actual time within the rest period when the ether is applied. Applica- 
tion at the beginning of August results in the flowers opening in 5 or 6 
weeks, but towards the end of the period of spontaneous rest the buds 
will open while the plants are still in the ether. 

3. The Warm Water Bath. In 1909 Molisch published the results of 
an exhaustive series of experiments on a very simple method of inducing 
the buds of woody plants and some other perennials to sprout during 
their period of spontaneous rest. The treatment consists simply in 
immersing twigs of the plants in a bath of lukewarm water for about 
9 hours and then transferring the twigs to a warm greenhouse, where 
they are kept with their cut ends in water. It is quite easy to immerse 
the whole of the aerial parts of a plant in the bath. The result of the 
treatment depends on (1) the duration of the bath, (2) the temperature 
of the bath, (8) the actual time in the rest period at which the immersion 
is made, and (4) the species employed. 

As regards the first of these factors, submersion for from 9 to 12 
hours was found to give the best possible results with most species, 
although the optimum length of time varies somewhat with different 
species. Too long a period of immersion leads to injury and death 
accompanied by a brown coloration, possibly the result of anaerobic 
respiration at a relatively high temperature. 

The optimum temperature also varies over a rather narrow range. 
For most species 80° C. appears to be the most favourable temperature, 
as in Syringa vulgaris and Forsythia suspensa, but with some a higher 
temperature (85° to 40°) has to be employed, as with Betula alba, 
Bhamnus frangula and Fraxinus excelsior. Vegis found even higher tem- 
peratures, such as 45°, most favourable for the inducement of sprouting 
of the winter buds or turions of some water plants. 

The position in time in the rest period has a considerable effect on 
the result of the warm bath treatment. As regards species in which the 
period of spontaneous rest ends relatively early in winter, it may be 
stated that on the whole sprouting follows more rapidly on the warm 
bath treatment up to a certain time, but that, as the spontaneous rest 
period nears its end the warm bath has less effect and may even have 



PERIODICITY 


445 

a retarding influence. Thus it was found that the staminate catkins of 
Corylus were not affected by the warm bath treatment in September, 
but responded well in late October, in November and in December. 
After this the bath was less effective and in February definitely retarded 
opening of the catkins. 

With different species the effect of the bath may be very different. 
Among the species which Molisch recorded as responding readily to 
the treatment were lilac ( Syringa vulgaris and S. persica), Forsythia 
suspensa, Cornus mas and C. alba. Azalea mollis, Spiraea palmata 
and S. japonica, Rhamnus frangula, gooseberry ( Ribes grossularia), birch 
( Betula alba), sycamore ( Acer pseudoplatanus), and larch ( Larix decidua). 
On the other hand, with beech and lime the warm bath treatment was 
only effective a short time before the end of the spontaneous rest period. 

Two points of particular interest are to be noted with regard to the 
warm bath. Firstly, the action is quite local, so that if some buds or 
a twig are submerged in water and others are not, only those buds which 
are submerged will respond to the treatment. Secondly, the effect of 
the bath may remain latent. Thus if twigs are bathed and then returned 
to the ordinary winter conditions which impose inactivity on the buds, 
they will still respond to the warm bath treatment if they are subse- 
quently transferred to a warm greenhouse. 

4. Injection of Water. In 1911 Weber recorded that injection of a 
small quantity of water into the base of resting flower buds of Syringa 
or Tilia would break down the condition of spontaneous rest so that the 
flowering could take place 3 weeks before that of untreated buds of the 
same plant. 

5. Alcohol and Acid Baths. Jesenko in 1912 examined the effect of 
submerging resting twigs in baths of ethyl alcohol ranging in concentra- 
tion from 1 to 30 per cent., and in baths of hydrochloric and sulphuric 
acids of concentrations of from 0-5 to 5 per cent., and in solutions of 
other acids. Moderate temperatures, from 12° to 17° C., and periods of 
immersion of from 8 to 12 hours were employed. The results obtained 
by this treatment are very comparable with those given by the warm 
water bath. In general, 1 per cent, ethyl alcohol and 0-5 to 1 per cent, 
acid were found to be most effective, but as with the warm bath, the 
period of immersion and position in time in the rest period were important 
factors influencing the result. Thus a bath of 1 per cent, alcohol lasting 
12 hours was effective with twigs of Pyrus malus on the 80th of Novem- 
ber, but had a harmful action when applied in January. Carbonic acid 
(water saturated with carbon dioxide) applied for 12 hours on the 
8rd of December induced sprouting of Larix buds in 14 days, whereas 
after a bath lasting 6 hours sprouting did not take place for 18 days, 
while after a 8-hour bath sprouting did not take place until 19 days 
after treatment, when the unbathed controls sprouted as well. Positive 
results were also obtained with Populus nigra, Carpinus betulus, Acer 
campestris, and Sambucus nigra. On the other hand, no favourable result 
was obtained with Salix aurita. 
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6. Injection of Alcohol or Ether. Jesenko also recorded in the same 
year the favourable effect on sprouting brought about by injecting into 
buds a small quantity of a solution of ethyl alcohol or ether. The experi- 
ments were carried out in the summer on defoliated trees. A range of 
alcohol concentrations (1 to 10 per cent.) and ether concentrations 
(0*1 to 1 per cent.) was employed, while the effects of injecting pure 
water and merely pricking the buds were also examined. All these 
treatments were effective in some cases, though to different degrees. 
Thus in trees of Tilia grandiflora, defoliated and treated on the 24th of 
July, various agents were instrumental in bringing about sprouting in 
the following order of effectiveness: (1) 1 per cent, alcohol, (2) merely 
pricking, water and 0-1 per cent, ether, (3) 5 per cent, alcohol. The 
buds injected with 1 per cent, alcohol began to swell 7 days after the 
injection, while 16 days after defoliation the untreated control buds 
were still closed. Injection of dilute alcohol and ether also furthered 
opening of buds in Fagus sylvatica, Sorbus torminalis, Acer platanoides- 
and A. pseudoplatanus, and Syringa. The treatment was unsuccessful 
with Quercus robur and very doubtful with Carpinus betulus, in both 
species possibly because the buds are small and pricking brings about 
relatively extensive injury. 

7. Radium Emanation. In 1912 Molisch reported that radium, or 
better, radium emanation, had an effect on resting buds similar to that 
of ether or the warm water bath. The buds of lilac exposed to radium 
emanation for 72 hours, commencing on the 27th of November, were 
opening on the 10th of December, whereas controls in pure air had not 
opened by the 30th of December. Positive results were also obtained 
with horse-chestnut, tulip tree ( Liriodendron ) and Staphylea, but no 
response to the treatment resulted in the cases of Ginkgo, plane, birch 
and lime. As with ether and the warm water bath, the treatment must 
last for a definite time; too short a time has no effect, while too long 
exposure produces injury. Similarly, with regard to the position in time 
in the rest period, treatment too early in the rest period has no effect, 
while late in the rest period the treatment may even retard opening of 
the buds. 

8 . Smoke and Various Gases. In 1916 Molisch showed that exposure 
for from 24 to 48 hours to a thick cloud of smoke from burnt paper, 
sawdust or tobacco, would bring about premature sprouting of the 
resting buds of many species in much the same way as does ether. It is 
not clear which constituent of the smoke plays the principal part in 
this effect; possibly it is acetylene or ethylene. Weber showed in 1916 
that exposure of resting buds to air containing acetylene would shorten 
the rest period, and subsequently that other gases, such as ethylene, 
coal gas and thymol vapour, have the same effect. 

9. Pressure. Weber found by experiments made at the end of 1921 
that buds of lilac towards the end of the rest period could be brought 
to open by applying pressure to the bud for a very short time, namely, 
something less than a minute. The pressure can be applied by squeezing 
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the bud in a metal clip such as is used for closing rubber tubing. Buds 
of lilac treated in this way on the 22nd of November showed indications 
of sprouting on the 80th of November, while the leaves began to unfold 
on the 2nd of December. There was no indication of sprouting in un- 
treated control buds on the 8th of December when the experiment came 
to an end. 

10. Concentrated Acid and Alkali Baths. Richter in 1922 recorded 
premature sprouting of buds of horse-chestnut and lime ( Tilia parviflora) 
following immersion for 20 seconds in concentrated sulphuric acid. A 
treatment lasting half the time was not so effective, while exposure to 
the acid for 40 seconds resulted in many buds being killed. Premature 
sprouting could also be induced by treatment for 2 or 3 minutes with 
concentrated potassium hydroxide solution. 

11. Hydrocyanic Add. In 1925 Gassner described experiments in 
which air containing a small percentage of hydrocyanic acid induced 
premature sprouting of resting buds. With lilac, at the beginning of 
December, an exposure of 60 minutes to an atmosphere containing 1 per 
cent, hydrocyanic acid gave the best results. The same concentration 
acting for the same time also gave the best results with lily-of-the-valley 
rhizomes in the middle of December. With these the effect of hydrocyanic 
acid differed from that of the warm water bath in that the latter chiefly 
speeded up leaf development, whereas hydrocyanic acid chiefly brought 
about earlier opening of the flower buds. An exposure of 60 minutes to 
1 per cent, hydrocyanic acid was also found the most effective combina- 
tion for breaking down the rest period of the flower buds of Prunus avium. 
Buds of Quercus sessiliflora and Aesculus hippocastanum also responded 
to treatment with hydrocyanic acid, but negative results were obtained 
with the beech. 

12. Heteroauxin (indole acetic add). The premature sprouting of the 
winter buds or turions of the water soldier (Stratiotes abides) by treat- 
ment with a dilute solution of indole acetic acid was recorded by Vegis 
in 1987. Solutions with as low a concentration as 2 x 10 _ ® M were found 
to be effective. The sprouting was more rapid than when a warm water 
bath was used for breaking down the rest period, sprouting starting 
within 24 hours when heteroauxin was used as compared with 8 or 4 days 
with the warm water bath. By carrying out parallel experiments with 
phosphate solutions of various hydrogen-ion concentrations it was shown 
that only when the concentration of heteroauxin exceeded M/ 6400 could 
any of the effect on premature sprouting be attributed to the acidity of 
the solution. 

18. Continuous Illumination. One of the most interesting experiments 
on breaking down the spontaneous rest period was carried out by Klebs 
in the years 1918 and 1914. This investigator placed a potted plant of 
beech at the beginning of its rest period in September, in a chamber sub- 
jected to the continuous illumination of an electric lamp. In about a fort- 
night the winter buds began to unfold, and after the lapse of another 
fortnight 75 per cent, of the buds on the plant had opened. On removing 
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the plant to an ordinary greenhouse a second set of resting buds was 
formed. The plant was next, on the 25 th of December, transferred again 
to a continuously lighted chamber, with the result that the second set of 
resting buds subsequently unfolded. At the nodes of the shoots so pro- 
duced a third set of buds formed which unfolded in the middle of March. 
Thus, during the normal resting period, when under ordinary conditions 
of illumination the plant would have remained dormant even in a warm 
environment, three successive sets of leaf buds sprouted. This behaviour 
is the more striking when it is remembered that the beech is a plant with 
a long spontaneous rest period, and that methods of breaking down this 
rest period which are applicable to many species have little effect upon 
it. 

An explanation of the effect of the various agents here mentioned in 
breaking down the spontaneous rest period is difficult to find, and the 
very diversity of the methods by which this result is achieved makes the 
question still more puzzling. We must suppose that renewal of activity 
after a resting period results from, or is accompanied by, a mobilization 
of food material as a consequence of renewed enzymatic activity. But 
whether the various treatments bring about an activation of enzymes 
previously in an inactive form, whether they have some direct chemical 
effect on the reserve food material, whether they affect the permeability 
properties of the cells of the resting organs, or whether such results are 
secondary effects of some other influence on the protoplasm, we do not 
know. Certainly in the action of low temperature on the sprouting of 
potato tubers, as has already been pointed out, the shifting of the starch- 
sugar equilibrium may be responsible for the renewal of activity, inas- 
much as the concentration of sugar is increased. Johannsen considered 
that the effect of ether might be similar and that a production of sugar 
from starch and a breaking down of proteins, might result from such 
treatment. In the case of the warm bath the higher temperature would 
lead to an increased respiration rate, which under the conditions of im- 
mersion in water, we might expect to be largely anaerobic. It may be 
that in other cases as well, such as those involving wounding and treat- 
ment with poisonous substances, the initial result is an increase in respir- 
ation rate. There is, however, no evidence that the effect of the warm 
bath or of other methods of inducing premature sprouting is due to an 
effect on respiration. 

Hie effects in general appear to be similar to those produced by what 
are called stimuli, and which are dealt with later, inasmuch as a com- 
paratively slight change in the environment, involving only a small trans- 
ference of energy, leads to far-reaching results in the organism in which 
the energy changes are out of all proportion to those involved in the 
environmental change. It may, or may not, be significant that, as will 
be seen later, Verwom regarded the first result of all stimulation to be 
an increase in the respiration rate. 

Vegis has suggested that the different ways of breaking the rest period 
all do so by inducing the development or activation of auxins. In support 



PERIODICITY 


449 


of this view is adduced his finding that dilute solutions of heteroauxin 
effect a breaking down of the rest period of the turions of Stratiotes 
abides much more rapidly than other methods such as the warm water 
bath. We must, however, await further work before a judgement on this 
quite reasonable theory can be taken. 

LEAF-FALL 

The fall of the leaves from the deciduous trees of temperate regions 
is a periodic phenomenon, and is brought about by definite morphological 
and physiological changes in the leaf-base. The morphological changes 
have been the subject of much investigation. The essential feature is the 
formation of a separation layer across the base of the leaf stalk, the separ- 
ation being effected by the disappearance of the middle lamella from the 
cell-walls of parenchymatous cells and the rupture of the lignified xylem 
elements and sieve tubes at the same level. The formation of the separa- 
tion layer may or may not be preceded by cell division. 

Either before or after the formation of the separation layer a protec- 
tive layer is produced. This, according to E. Lee, may be formed in three 
different ways: (1) ligno-suberization of existing cells below the separa- 
tion layer, (2) ligno-suberization of cells after irregular division, and (3) 
ligno-suberization of cells produced by regular cambial division. At a 
later date a layer of cork cells is formed below the scar formed by the 
separation of the leaf. 

Leaf-fall in deciduous trees of the temperate zone is obviously related 
to seasonal change, that is, to external conditions, but there can be no 
doubt that, as in the case of the resting period, with which it is connected, 
leaf-fall cannot be controlled by merely controlling the factors of the 
environment. Moreover, leaf-fall occurs in trees in the Tropics where 
frequently it appears to bear no relation to changes in the environment, 
and where, indeed, it may occur at different times in different branches 
of the same individual. Nevertheless the significance of leaf-fall in the 
life of woody plants of temperate regions is considerable. In particular 
the complete removal of leaves reduces transpiration practically to zero 
at a time when absorption of water by the roots on account of low soil 
temperature, may be greatly reduced. It is also generally held that in 
leaf-fail waste material is removed from the plant, and it is true that 
fallen leaves frequently contain relatively large quantities of calcium 
oxalate, calcium carbonate and silicates, substances which may be un- 
wanted by-products of plant metabolism. 

The physiological processes in the plant which lead up to leaf-fall are 
little understood. It is, however, known that it can be induced experi- 
mentally in a variety of ways. In particular, a sudden disturbance of 
water relations of the plant is effective in bringing about leaf-fall. Thus, 
a great reduction of transpiration, which may be effected by transference 
of a plant from the open air to a chamber saturated with water vapour, 
will frequently result in the falling of the leaves, while the same thing 
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may happen through the reverse change of transference from a humid 
atmosphere to a much drier one. Conditions favouring rapid transpira- 
tion combined with low rate of water absorption by the roots, such as 
are met with in an environment comprising both dry air and dry soil, 
frequently lead to leaf-fail, as in species of Fuchsia, Impatiens and Azalea. 

According to Molisch, plants of many species shed their leaves as a 
result of subjection to poor illumination, species of Begonia, Fuchsia and 
Coleus being particularly sensitive in this respect. Woody plants as a rule 
retain their leaves longer and evergreens longest under such conditions. 
It is suggested that the effect in this case is related to the reduction in 
photosynthetic activity, but in what way is not evident. 

Exposure to various gases will also induce leaf-fall. Some plants, as, 
for example, Mimosa pudica, Robinia pseudacacia and other members of 
the Leguminosae, will shed their leaves in from 24 to 48 hours after 
exposure to air containing a sufficiently high concentration of tobacco 
smoke, a result most probably attributable to the ethylene and acetylene 
contained in the smoke. What, however, are the processes involved in 
this very rapid action are not known. 

In 1933 Laibach, in testing the efficacy of lanolin as a carrier of 
growth-regulating substances, recorded an experiment in which a paste 
of lanolin containing orchid pollinia, which he had previously found to 
be rich in auxin, was applied to the cut surface of petiole stumps of Coleus 
hydridus leaves from which the laminae had been removed without detach- 
ing the petiole stump from the stem. He found that this treatment re- 
sulted in the petioles remaining attached to the stem for 18 days, whereas 
in the controls to which lanolin without auxin was applied abscission of 
the petiole stump took place in 5 days. It thus appeared that auxin in- 
hibited the abscission of leaves. The relationship of leaf abscission to 
auxin was further investigated by Myers who reported on the subject in 
1940. He found that removal of the lamina brought about more rapid 
abscission of the petioles with the exception of those of the first pair of 
leaves. Removal of part of the lamina accelerated abscission, but to a 
less extent than removal of the whole. Myers confirmed Laibach’s obser- 
vation on the effect of growth-regulating substances on abscission by 
applying heteroauxin in lanolin to the cut end of the debladed petiole. 
This treatment resulted in a delay in abscission similar to that observed 
by Laibach. These observations suggest that a growth-regulating sub- 
stance diffuses from the lamina into the petiole and inhibits abscission. 
Confirmatory of this idea was Myers’s finding that auxin diffuses from 
the leaves, the amount being greatest in late spring while in winter and 
early spring the amounts diffusing from the leaves were negligible. How- 
ever, as abscission of intact leaves was found to take place more slowly 
during the winter than in spring and summer it would appear that factors 
Other than auxins must also be involved in bringing about abscission. 

Indole butyric acid was found by Myers to be about as effective as 
heteroauxin (indole acetic acid) in delaying abscission. Subsequently 
Gardner and Cooper tested 156 compounds with regard to their capacity 
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to retard abscission in Coleus and found the relative effectiveness of these 
substances depended on their mode of application. When applied as a 
lanolin paste to the cut end of the debladed petiole the greatest effect 
was obtained with methyl indole butyrate, but when applied as a spray 
^-naphthoxyacetic acid was found to be the most effective of the sub- 
stances examined. 



CHAPTER XVIII 


REPRODUCTION 

The formation of reproductive bodies by a plant may be considered a 
phase in its development. In some species this is very definitely so, where 
a period of vegetative growth is followed by the production of flowers and 
fruit, after which the life of the individual ends. This applies to many 
annuals, such as the sunflower and groundsel, and to some long-lived 
plants, of which the so-called century plant is a striking example. In this 
species, Agave americana , vegetative growth continues for from 10 to 70 
years or more before flowers form and fruit is produced, after which the 
plant immediately dies. In many bulbous plants, such as tulip, hyacinth 
and Crocus, the vegetative growth of the plant is terminated by the 
formation of both sexual and vegetative organs of reproduction, flowers 
and bulbs or corms. In other species, after a period of vegetative growth, 
both this and reproductive growth continue together. Such a condition is 
met with in both annuals and perennials. Yet again, in some perennials 
there are definite vegetative and reproductive phases in each year’s 
growth, many trees, for instance, first producing flowers before vegeta- 
tive growth is renewed for the season. 


VERNALIZATION 

A number of miscellaneous observations have suggested that tem- 
perature conditions in an early stage in the development of a flowering 
plant may influence the formation of reproductive organs. Thus, cabbage 
plants flower much sooner if exposed to the normal low temperatures of 
winter than if kept in a greenhouse where exposure to such low tempera- 
tures is avoided. Again, winter wheat sown in open ground in autumn 
flowers early in the following summer, whereas if sown in the spring it 
tends not to flower at all in the following season. 

It is clear from American writers cited by McKinney that nearly a 
hundred years ago it was recognized that winter wheat could be con- 
verted into spring wheat, that is, it could be sown in the spring and pro- 
duce a normal crop, by allowing it to germinate at a low temperature in 
autumn or winter and then preventing its further development by stor- 
ing it at a low temperature, in the frozen condition for example, until 
sown at the time normal for the sowing of spring wheat. McKinney quotes 
a passage from a paper by Klippart, published in 1858, in which this 
method of converting winter into spring wheat is clearly described. The 
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treatment of seed so that sowing can be delayed from autumn or winter 
until the following spring is called vernalization, a term which emanated 
some 20 years ago from Russia where a considerable amount of work on 
vernalization has been published in recent years. 

For the vernalization of winter wheat the grain is germinated slowly 
by adding a limited quantity of water to it, and then, after the appear- 
ance of the radicle through the testa, the germinated grain is stored at 
a temperature of 0° to 5° C. for a few weeks. After this treatment the 
grain, when sown in spring, germinates into plants which flower and fruit 
just as if the grain had been sown in autumn. Other cereals, including 
barley, oats, rye and rice, can be vernalized in essentially the same way. 
Vernalization by low temperature treatment has also been reported as 
effective in some other species of Gramineae such as meadow foxtail 
( Alopecurus pratensis) and timothy ( Phleum pratense), and in a number 
of species of Leguminosae, including red clover (Trifolium pratense), 
crimson clover (Trifolium incarnatum), white lupin (Lupinus albus), 
melilot (Melilotus alba) and field pea (Pisum arvense). 

The theory of phasic development, largely supported by Russian 
writers, holds that for normal development leading to flower formation 
every plant has to go through a series of developmental stages, including 
an early one, the vernalization or thermo stage which requires a definite 
temperature for its completion, which is followed by a photo stage which 
for its normal progress demands certain light conditions. The vernaliza- 
tion of wheat, rye and the other species mentioned above requires a low 
temperature, but it has been stated that other species may require, in- 
stead, a high temperature. Thus it has been reported that maize requires 
a temperature of 20° to 80° C. for vernalization. However, Sprague found 
that although high temperature vernalization of maize did result in some 
hastening of grain formation, this was so slight as to have no economic 
importance whereas it resulted in both reduction in percentage germina- 
tion and in yield of grain. Tests of the effects of high- temperature vernal- 
ization on other species have indicated that this treatment has either no 
influence or a negligible one on the time of seed maturity. Moreover the 
theory of phasic development has not stood the test of experiment by 
McKinney and Sando on a number of wheat varieties. These workers 
concluded that the occurrence of sexual reproduction is dependent neither 
on exposure of the germinated seed or seedling to a critical temperature 
nor to critical light conditions since grain formation can occur over a very 
wide range of either of these factors. Nevertheless, the time of flowering 
is influenced by the temperature, length of day and intensity of illumina- 
tion to which plants are exposed during their development. 

The vernalization effect of low temperature is not an instance of the 
breaking down of a rest period similar to the examples described in the last 
chapter; rather it is a factor in determining the direction of development, 
vegetative growth being lessened and reproductive growth accelerated. 
This interpretation finds strong support in the work of Purvis and Gregory 
on rye. They found that about the first seven lateral primordia produced 
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from the main shoot are always leaf primordia, the next eighteen develop 
into either leaves or flowering spikelets according to the temperature and 
length of day to which the plant has been subjected; the primordia pro- 
duced subsequently always develop into spikelets. The effect of vernaliz- 
ation is thus to accelerate the change-over in the development of the 
labile primordia of the middle period into spikelets instead of leaves. 
Similar observations on wheat have been recorded by McKinney and 
Sando. 

Gregory and Purvis found that after vernalization of winter rye de- 
vernalization can be effected by exposure to high temperature, an atmo- 
sphere of nitrogen, or an atmosphere containing carbon dioxide in a 
concentration above 20 per cent. 

In seeking the site of the vernalization effect Gregory and Purvis 
worked with excised embryos of rye cultivated on nutrient agar contain- 
ing glucose and mineral salts. They found that such embryos can be ver- 
nalized and it is reasonable to conclude that the embryo is the seat of 'the 
vernalization process. In later work Purvis found that the isolated stem 
apex of the embryo, when supplied with sugar, can regenerate the whole 
plant and that vernalization treatment accelerates flowering although the 
effect is less than with whole embryos. Similar results were obtained by 
McKinney and Sando with pieces of wheat embryo in contact with 
endosperm. 

The -need for sugar for vernalization was shown by Gregory and de 
Ropp who found that excised embryos on a medium without sugar could 
not be vernalized. Later, Purvis effected a partially successful vernaliza- 
tion of excised rye embryos on a medium without added sugar, but 
attributed this to the presence of some carbohydrate in the embryo. 
She also found that addition of nitrogen to the medium is not necessary 
either for vernalization or for the growth of the embryos during the 
vernalization treatment. 

Cholodny put forward a theory of vernalization according to which 
this process consists essentially of an acceleration of the development of 
every cell and so in a shortening of the time taken for the flowering stage 
to be reached. This theory is not supported by Purvis’s work on the in- 
fluence of vernalization on the subsequent development of winter rye, 
for she found that the rate of leaf production was the same in vernalized 
and unvemalized plants, and that senescence of the leaves was not 
reached earlier in the former. 

To explain the vernalization effect Purvis and Gregory suggest that 
there is formed in the embryo a hormone precursor (cf, p. 421 ) which in 
winter cereals depends for its production on low temperature germina- 
tion, the hormone itself being a substance concerned in flower formation. 
The precursor is translocated to the growing points where it accumulates 
and by an autocatalytic reaction is transformed into an intermediate 
substanoe which can give rise to both a leaf-promoting substance and a 
spikelet-promoting substance. The reaction leading to the production of 
tiie former is independent of light, but the formation of the latter depends 
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on the length of day during development. If lighting conditions are such 
as to lead to the predominance of the action inducing the formation of 
the spikelet-producing substance the concentration of this will increase 
in the lateral primordia until it reaches a critical value when flower 
initiation is induced. The whole vernalization process can thus be regarded 
as involving two stages, the first in which the exposure to low tempera- 
ture during germination is concerned and which is responsible for the 
production of the hormone precursor, the second the stage of subsequent 
development in which light conditions are of major importance. More 
will be written of the latter in the next section of this chapter. 

PHOTOPERIODISM 

A number of isolated observations during the latter part of the nine- 
teenth century suggested that the length of the daily period of illumina- 
tion might be an important factor in determining the rate of growth and 
course of development of various plants, but a systematic investigation 
of the question was undertaken first in the United States by Garner and 
Allard, the results of whose earlier researches on the question were pub- 
lished in 1920. Plants of various species and horticultural varieties were 
grown under conditions which were normal except that the length of day 
was artificially shortened by darkening the plants for part of the day- 
time, or lengthened by exposure of the plants to artificial light for part 
of the night. Garner and Allard found that not only the rate of vegetative 
growth, but also the time of flowering, could be profoundly affected by 
the length of day. As an example may be quoted one of their experiments 
with soya beans, var. Peking. Seeds were planted on May 8, and the seed- 
lings appeared above ground on May 17. On May 20 the experiment 
started, one set of seedlings being subjected to daylight for 5 hours a day 
only (10 a.m. to 8 p.m.), another set exposed to daylight for 7 hours daily 
(9 a.m. to 4 p.m.), while other seedlings served as controls and were sub- 
jected to the full daily period of natural illumination (considerably over 
12 homs daily in May, June and July). In Table XC are shown the times 
of flowering and height of the seedlings subjected to different daily periods 
of illumination. 


Table XC 


Influence of Length of Day on Vegetative Growth and Time of Flowering 
of Soya Bean, Var. Peking 


Daily period of 
Illumination 

10 a.m.-3 p.m. X 
0 a.m.-4 p.m. 

Full length of day ) v 


Height of Seedling 
(inches) 

5-0 

8 

42-48 


Date of Flowering 

June 12 
June 10 
July 21 


A similar phenomenon was noted with other species, as, for example, 
Aster Unariifolius, although the behaviour varied not only from one 
species to another, but also from one variety to another of the same 
species. 

80 
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Comparable results were also obtained in the winter, when in some 
cases a retardation of the time of flowering resulted from artificially in- 
creasing the length of day by exposure of the plants to artificial light dur- 
ing hours of normal darkness. An experiment with Cosmos bipinnata may 
be quoted as an example. Two samples of seeds were sown on November 1 
and kept in separate greenhouses, one of which received normal illumina- 
tion, while in the other the period of illumination was continued by means 
of electric lamps from 4.30 p.m. to 12.30 a.m. each night. The plants 
exposed to the normal period of illumination all flowered between Decem- 
ber 22 and January 2, whereas those subjected to the daily extra 8 hours’ 
illumination showed no sign of flowering even by February 12. The aver- 
age height of the control plants was, however, only SO inches, while those 
subjected to the additional daily period of illumination were, on the 
average, 60 inches high. 

But speeding up the time of flowering may also result from artificially 
increasing the length of day. Thus in 1912 Klcbs had already succeeded 
in inducing Sempervivum funkii to flower in December by exposing the 
plant to continuous illumination from an electric lamp, a finding which 
he later extended to a second species, S. albidum. From Garner and 
Allard’s extensive series of experiments may be quoted one with Iris 
florentina. Two clumps of this plant were, on October 20, placed respec- 
tively in a greenhouse subjected to normal daily illumination and in one 
subjected to 8 extra hours of artificial light (4.30 p.m. to 12.30 a.m.). The 
control plants remained practically dormant and showed no sign of flower- 
ing by February 12, whereas the experimental plants grew vigorously and 
flowered between December 24 and December 30. Again, two samples 
of seeds of spinach ( Spinacea oleracea) were sown on November 1 and 
subjected to the same lighting conditions as the two samples of Cosmos 
mentioned above. The control plants grew very slowly and showed no 
sign of flowering by February 12. The plants subjected to the extra daily 
8 hours of light grew rapidly and all flowered between December 8 and 
December 23. After this they continued both to elongate and produce 
flowers. 

Not only does the length of day affect the time of flowering, but it may 
determine whether flowering takes place at all. Thus, as a result of experi- 
ments with a wide range of natural species and horticultural varieties. 
Garner and Allard concluded that flowering and fruiting only take place 
when the daily period to which the plants are subjected falls within cer- 
tain limits. It is usual to make an arbitrary distinction between ’short- 
day’ and ‘long-day’ plants. Short-day plants are those which will flower 
only if they are subjected to illumination for a period of 12 hours or less 
each day; long-day plants, on the other hand, require a daily period of 
illumination in excess of 12 horns in order to flower. As showing the 
arbitrary character of this distinction it may be pointed out that there 
are plants which will only flower when subjected to illumination within 
a narrow range about 12 hours, and others which are capable of flowering 
over a range including both long-day and short-day conditions. Garner 
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and Allard introduced the term ‘photoperiodism’ to express this relation 
of the time of flowering to the daily length of the period of illumination. 

It will be observed that the length of day influences not only the 
time of flowering or its incidence, but also the extent and kind of vegeta- 
tive growth. Exposure to a daily period of illumination unfavourable to 
flower formation, but favourable to vegetative development may lead to 
a continuance of the latter and the production of gigantism. Further, in 
later work Garner and Allard concluded that for each species there is an 
optimal daily light period for maximum increase in length of the shoot. 
In the temperate zone this optimal light period is furnished by the long 
days of summer in some species, while for others the shorter days of 
spring and autumn are optimal. In plants for which the long days of 
summer are optimal, shortening the daily period of illumination brings 
about a number of responses, such as earlier flowering and fruiting, tuber 
formation, dormancy and branching. The shortening of the days in 
autumn is regarded as inducing leaf-fall. It is also possible that a plant 
may be subjected to a daily period of illumination which favours both 
vegetative development and flowering. In such a plant where vegetative 
growth and flowering and fruiting proceed together, we have what Garner 
and Allard call the ‘ever-blooming’ type, or ‘ever-bearing type of fruit- 
ing.’ Such a condition is met with where the daily period of illumination 
is intermediate between that leading to vegetative development only, and 
that leading to flowering only. An illustration of this state is afforded by 
the artificially illuminated spinach plants mentioned earlier. 

Garner and Allard’s observations were extended by a number of 
workers, of whom particular mention may be made of Adams, in Canada, 
and Tincker, in Great Britain. Although Adams felt that not all Garner 
and Allard’s conclusions were justified, he agreed that the experimental 
data indicate the existence of an upper limit of light duration for certain 
phases of development in some species, though not in all. Tinckcr’s re- 
sults confirm completely Garner and Allard’s conclusions as regards the 
influence of length of day on the time of flowering. The runner bean 
( Phaseolus multijlorus). Chrysanthemum (var. Mrs. William Buckingham) 
and soya bean were found to be short-day plants in Wales, flowering 
being accelerated by artificially reducing the length of day, while vegeta- 
tive growth was diminished. On the other hand, a number of grasses 
{A nthoxanthum odoratum , Alopecurus pratensis , Dactylis glomerata , Lolium 
perenne , Phleum pratense , Avena saliva) as well as red clover ( Trifolium 
pratense) and radish ( Raphanus satiims) were found to be long-day plants, 
flowering being retarded by shortening artificially the length of day. 
Poa annua was found to be an indifferent type, flowering and fruiting 
occurring at the same time in each of four sets of plants exposed respec- 
tively to 6 hours, 9 hours, 12 hours and the full normal period of daylight. 

Garner and Allard found the photoperiodie effect to be quite local, 
and subsequent work has shown this is generally, though not always, so. 
They exposed one branch of a plant of Cosmos bipinnata provided with 
two branches to natural illumination of winter, the other branch to 
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natural illumination supplemented by a period of artificial light (sunset 
to midnight). The branch exposed to the short daily period of natural 
illumination soon flowered, whereas the branch exposed to the longer 
period of illumination continued to grow vegetatively without producing 
flowers. 

It has been claimed that the intensity of illumination is without in- 
fluence on the time of flowering, but this generalization no doubt only 
holds within limits. Thus in a series of experiments with soya beans in 
which various sets of plants were shaded to different extents, Garner and 
Allard observed that flowering commenced on the same day in all sets, 
although with those plants subjected to the greatest shading, the average 
intensity of direct sunlight reaching the plant was estimated to be scarcely, 
if at all, greater than 25 per cent, of the normal. Reduction of light in- 
tensity during the period of vegetative development tends to bring about 
a reduction in the yield of seed, whereas a similar reduction in light in- 
tensity between flowering-time and maturity of the seed tends to bring 
about an increase in the yield of seed. From this it may be concluded that 
seed production is not determined by the total quantity of radiation 
reaching the plant. 

That the statement that the time of flowering is independent of light 
intensity during the photoperiods is only true within limits was shown 
by Borthwick and Parker for soya bean. In whole plants of Biloxi soya 
beans subjected to alternate light periods of 8 hours and dark periods of 
16 hours flower primordia were only formed if the light intensity was 
greater than 100 foot candles. 

It has been suggested that the initiation of flowering is the result of 
\ actions taking place in either the dark or light period. Hamner, from 
work with two short-day plants, soya beans and cocklebur ( Xanthium 
pennsylvanicum) and two long-day plants, dill ( Anethum graveolens) and 
beet, in which the effects of varying widely the lengths of both light and 
dark periods were examined, came to the conclusion that in the short-day 
jplants changes occur during both the light and dark periods, and that 
hoth are essential for flowering to occur. The state of affairs is different 
in long-day plants as exemplified by dill and beet, for in these germina- 
tion and growth up to the flowering stage can take place in continuous 
illumination. 

In dealing with the work of Gregory and Purvis on vernalization of 
cereals incidental reference has already been made to the effect of the 1 
photoperiod on the time of flowering. It was pointed out that these 
workers hypothesize the formation of a hormone precursor (A) in the 
embryo which diffuses to the growing points where by an autocatalytic 
action it is transformed to an intermediate substance (B). The subsequent 
fate of this substance depends on light conditions. It was suggested that 
B can be transformed to a leaf-promoting substance (E) or to a spikelet- 
promoting substance (D), the former transformation being independent 
and the latter dependent on light conditions. The substance D requires 
long days for its formation; in short days an intermediate substance (C) 
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is formed, the reaction B C being reversible, so that with a short 
photoperiod a condition of equilibrium between the concentrations of 
B and C will result. With long days the irreversible reaction C— >D 
occurs, perhaps owing to the action of a photocatalyst. Thus whether the 
leaf-promoting substance or the spikelet promoting .substance is formed 
is determined by light conditions. Gregory and Purvis summarize the 
scheme thus: 

K (leaf-promoting substance) 

in in 

A >■ B ••• » ^ C >* D (spikelct-promoting substance) 

short long 

(precursor) days days 


Work on photoperiodism by a number of workers, including Kuijper 
and Wiersum, and Borthwick and Parker, has led to the view that the 
initiation of flowers follows actions taking place in the leaves which 
induce changes in the growing points leading to the production of flower 
primordia instead of vegetative buds. It is very reasonable to suppose 
that a hormone is concerned, this being produced in the leaves and then 
transported to the growing regions. In this connexion reference may be 
made in particular to the work of Ilamner and Bonner, who have pro- 
duced evidence for the existence of hormones inducing flower initiation 
in the cocklebur Xanthium pcnnsylvaticurn. In this species flowering 
resulted with a daily photoperiod of 9 hours; with a photoperiod exceed- 
ing 16 hours plants remain vegetative indefinitely. It may thus be classed 
as a short-day plant. That the leaves are concerned in the initiation of 
flowers in short-day plants is indicated by the following observations. 

(1) Defoliated plants exposed to short days remained vegetative for three 
weeks while the leafy controls developed large flower buds by 11 days. 

(2) When one leaf only of a plant was exposed to a short photoperiod 
while the rest of the plant was exposed to a long photoperiod, the expo- 
sure of this single leaf to a short photoperiod was sufficient for the 
development of flowers. (3) In experiments with plants possessing two 
branches, one branch (the donor) was exposed to short days, the other 
(the receptor) to long days. If the short day branch was defoliated both 
branches remained vegetative; if the leaves were allowed to remain both 
branches developed flower buds. These observations are all in harmony 
with the view that a flower-initiating hormone is produced in the lejives 
exposed to the short photoperiod and can be transported from its place 
of formation to other branches of the plant. Experiments with partially 
defoliated plants indicated that mature leaves are considerably more 
effective than young ones in regard to the production of the hormone. 

The experiments with two-branched plants referred to above, as well 
as experiments with plants defoliated in different regions, showed that 
the hormone is capable of travelling both up and down the stem. This, ' 
and the observation of the initiation of flowers in the apical region of 
plants in a nearly saturated atmosphere, indicated that the hormone is 
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l not simply carried passively in the transpiration stream. It was found 
'that the hormone would pass across a graft union. Even when stock and 
scion were separated by ‘lens paper’ which, of course, prevented any 
tissue formation between the two, but which allowed the diffusion of a 
solute, the hormone was able to pass through the non-living lens paper 
layer. 

Experiments in which the length of the light and dark periods were 
varied indicated that the production of flowers in Xanthium depends on 
reactions related to the dark period. Thus with alternating light and dark 
periods of 4 and 8 hours respectively, flowers were not produced, whereas 
with the light and dark periods of 16 and 32 hours respectively profuse 
flowering resulted. Again plants which had received a long photoperiod 
of 16 hours, and which were therefore not producing flower primordia, 
after exposure to a single long dark period of 40 hours, produced flowers. 
Again temperature during such a long dark period was found to have a 
considerable effect on the formation of flower primordia. Thus one long 
dark period was sufficient for the initiation of flowering when the tem- 
perature during the period was 21°-32° C., but when the temperature 
was 4° C. seven such periods were necessary for flowering to ensue. On 
the contrary, variation of temperature during the light periods had little 
effect on the result. In soya bean also Parker and Borthwick found that 
the initiation of flower primordia was much more affected by tempera- 
, ture during the dark period than during the light period. Subsequently, 
i however, MailU found temperature had an effect during short photo- 
i periods, but less with long ones. It would thus appear that the hormone 
is produced in the dark and that its production is affected by tempera- 
ture. Experiments in w'hich cuttings were supplied with various sub- 
stances failed to indicate any substance which would induce the forma- 
tion of flower primordia. Substances found to be without effect included 
indole acetic acid, ascorbic acid, vitamins B v B 2 and B e and nicotinic 
acid among others. 

It will be noticed that the observation of Hamner and Bonner on the 
1 movement of the hormone from a branch subjected to a short photo- 
period to one subjected to a long photoperiod is in conflict with the 
: observation of Garner and Allard on Cosmos bipinnata regarding the 
strict localization of the photoperiodic effect, a result also obtained by 
Hamner and Bonner and others with chrysanthemums. The localization 
of the response to the part of the plant subjected to the short photoperiod 
was, however, obtained with two-branch plants of Xanthium when one 
branch was subjected to a short photoperiod and the other to a long 
photoperiod and from the lattjer all leaves removed except fully expanded 
ones. The receptor branch then remained completely vegetative. When 
only young leaves were left on the receptor, flowers developed more 
rapidly than on either completely leafy or completely defoliated shoots. 
The conclusion was drawn by Hamner and Bonner that mature leaves 
inhibit and young expanding leaves promote floral initiation on receptor 
branches. This is a sharp contrast to what occurs on donor branches or 
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any branch directly exposed to short photoperiods, where floral initiation 
depends on the presence of mature leaves. No explanation of this apparentj 
contradiction is forthcoming. 

^ It is obvious that photopcriodism may be of much economic import- 
ance, inasmuch as, by varying artificially the length of day to which 
plants are exposed, their vegetative growth and time of flowering and 
fruiting may, in many species, be controlled to a considerable extent. 
For example, some annuals may be made to complete their life-cycle 
twice in one year, while others can be made to take on characteristics 
of ever-flowering species and continue to produce flowers and fruits for 
an indefinite period, while in yet other species the plant may continue 
vegetative development indefinitely without flowering. By controlling 
the length of day varieties which normally flower at different times may 
be brought to flower at the same time, and so crossing may be effected 
between varieties which could not otherwise be crossed. It has also been 
pointed out that photoperiodism may have an important bearing on the 
question of acclimatization, for the behaviour of plants under different 
conditions of daily lighting will indicate their behaviour when transferred 
to other latitudes. 

It is also evident that length of day, varying as greatly as it does with 
latitude, must be an important factor in determining the distribution of 
plant species. 

THE EFFECT OF NUTRITION ON DETERMINING 
REPRODUCTION 

While the work on photoperiodism just described makes it clear that 
the daily period of illumination may determine whether a plant continues 
to develop vegetatively or to produce reproductive structures, it offers 
no explanation of why the length of day should have this effect. Garner 
and Allard were inclined to think that the degree of hydration of the 
protoplasm is influenced by the length of daily exposure to illumination 
and determines the observed responses of the plant to differences in the 
daily period of lighting. Moreover, they thought that this regulation of 
the degree of hydration of the protoplasm is a direct effect of the light 
period on the internal mechanism of the plant, possibly protoplasmic 
permeability, rather than an indirect effect of the light period on other 
external factors which affect water absorption or loss by the plant. They 
quote observations on Viola papilionacea as evidence of the effect of the 
length of day on the regulation of the degree of hydration of the proto- 
plasm. During the short winter days the leaf buds are dormant. In the 
spring, with its days of intermediate length, leaves with short petioles, 
and blue flowers with relatively short stalks, appear. In the long days of 
summer the leaves have long petioles. Transference of plants with the 
summer type of leaf to short-day conditions brings about loss of turgidity 
of the petiole in 2 or 3 days, with consequent partial collapse of the leaf, 
while blue flowers of the spring type reappear. It will be noted that this 
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behaviour indeed suggests an effect of the daily period of illumination on 
the amount of water contained in the cell vacuoles, but it affords no 
indication whatever of the degree of hydration of the protoplasm. 

Years before the work of Garner and Allard the problem of the condi- 
tions determining vegetative growth and reproduction respectively had 
been attacked by Klebs. As long ago as 1892 this physiologist published 
researches on the influence of different environmental conditions in deter- 
mining the course of development, and in 1896 he published observations 
on the conditions for reproduction in Algae and Fungi which have be- 
come classical. By varying the external conditions of the environment, 
particularly food supply, humidity and light, the kind of reproduction 
could be controlled or it might be inhibited altogether. Thus Vaucheria 
repens , in a nutrient solution such as dilute Knop’s solution containing 
0*2 to 0-5 per cent, salts, exhibits vigorous vegetative development. If 
the food supply is cut off by transference of the algae to pure water, 
asexual reproduction is at once initiated and zoospores are produced. 
Again, when cultivated in damp air, as, for instance, on the surface of 
damp soil, the plants develop vegetatively, but if transferred to water 
zoospores develop vigorously, at a room temperature of 15° C., after 
2 days. Light also affects reproduction of Vaucheria repens. If cultures of 
the alga growing in water or a weak nutrient solution (0-1-0-2 per cent.) 
are transferred to the dark, or even to weak light, asexual reproduction 
follows. 

While asexual reproduction results from darkening, it is quite other- 
wise in regard to the production of sexual organs, which only form if the 
plants are kept in bright light. While a light of sufficient intensity appears 
to be essential for the production of sexual organs, the time at which 
these appear depends on the actual value of the intensity of the light and 
also on the light conditions to which the plants have been previously 
subjected. Thus Vaucheria that had been standing in a window in a 0-2 
per cent, salt solution and had remained sterile under such conditions, 
formed sexual organs in 4 to 5 days after exposure to a light of a higher 
intensity, whereas it took 5 to 6 days under the same conditions in the 
case of plants which had been previously growing in a still weaker light 
than that of the window. The degree of humidity appears to be without 
effect on the production of sexual organs, which can form in dry or damp 
air, as well as in still water. In running water, however, Vaucheria species 
remain sterile. Transference to still water generally leads to active zoo- 
spore formation. 

Other species of Vaucheria , as well as species of Hydrodictyon , Proto- 
siphon , Botrydium , Spirogyra , desmids, CEdogonium 9 Ulothrix , Hormid - 
ium, Conferva , Bumilleria , Stigeoclonium, Draparnaldia , Chlamydomonas 
and Hydrurus among the algae, were experimented upon by Klebs, and 
also two fungal species, namely, Eurotium repens and Mucor racemosus. 
Quite generally Klebs found that the production of reproductive organs 
or the continuance of vegetative growth could be determined by control 
of the experimental conditions. Some of the effects, however, observed 
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with one alga do not appear to be applicable in general; thus in Vaucheria , 
as already noted, asexual reproduction is furthered if the filaments are 
transferred from light to darkness, while it is checked if they are trans- 
ferred back from darkness to light. The same is the case to a certain 
extent with Protosiphon , Bumilleria and Draparnaldia. On the other 
hand, light appears to have no effect on the production of zoospores by 
(Edogonium diplandrum , Stigeoclonium and Hydrurus . In pure cultures 
Hydrodictyon produces zoospores if it is transferred from a nutrient solu- 
tion to water and is illuminated. In the dark it docs not, as a rule, 
produce zoospores. 

The effect of light on asexual reproduction in the algae thus varies 
from one species to another. Moreover, the production of zoospores in 
relation to light often appears to be in the nature of the response to a 
stimulus, namely, the sudden exposure of the plant to a change in ex- 
ternal conditions. 

As regards the effect of light on sexual reproduction, the behaviour 
of the algae is much more regular. In general it may be stated that light 
furthers sexual reproduction. This has already been stated to be the case 
in Vaucheria repens , and it appears to be a general rule for this genus, in 
which sexual organs are produced only after exposure to light. The same 
appears to apply to (Edogonium . In Spirogyra conjugation can generally 
be induced in a few days by exposure to bright light. The production of 
gametes in Ulothrix and Chlamydomonas is also favoured by light. Other 
factors, particularly the composition of the medium, may also have an 
effect on inducing sexual reproduction. Generally, as in Edogonium 
diplandrum , a comparatively high concentration of inorganic salts in the 
medium tends to prevent the formation of gametes, while a shortage of 
such salts in the water furthers it. Thus, plants of the species mentioned, 
exposed even to sunlight, remain sterile for a long time in a nutrient solu- 
tion containing 01 to 1 per cent, of salt. On the other hand, the presence 
of sugar in certain concentrations in the nutrient solution furthers the 
formation of sexual organs. For example, Vaucheria repens in bright light 
forms antheridia and oogonia more rapidly when in a sugar solution than 
when in water. (Edogonium diplandmm also forms sexual organs in a 
4 per cent, sucrose solution in 7 days, whereas a similar culture in 0 05 per 
cent, nutrient solution remains sterile for 22 days. 

It is impossible here to go into further details with regard to Klebs’s 
very important work on the algae. It must be pointed out, however, that 
his researches strongly suggest that active vegetative growth results when 
the plants are provided with an ample supply of mineral nutrients. As a 
consequence of exposure to sunlight under such conditions the manufac- 
ture of organic food material by photosynthetic activity proceeds vigor- 
ously, and it would appear that sexual reproduction results only when 
this takes place. That this is a correct conception of the chief condition 
determining the production of sexual organs is supported by the observa- 
tion that the formation of these is furthered when the medium surround- 
ing the plants contains sugar in solution which, if absorbed by the plant, 
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increases its supply of organic food material. That this is the only factor 
in determining the formation of sexual organs is scarcely likely, and 
Klebs’s own results suggest otherwise. There does, however, appear every 
justification for supposing that, broadly speaking, inorganic nutrition 
favours vegetative growth, while organic nutrition, necessary, of course, 
for vegetative development, after reaching a certain point determines 
the oncoming of sexual reproduction. 

The complexity of the form and development of the higher plants 
renders an analysis of the factors influencing this development a much 
more difficult problem than in the case of Algae and Fungi. But that 
external conditions can and do profoundly influence this development 
has already been exemplified by the phenomenon of photoperiodism. 
Klebs’s very considerable contributions to our knowledge of the effect 
of conditions in determining the course of development of higher plants 
were published in a series of papers between the years 1900 and 1918. 
He showed, for example, that a number of species such as Digitalis , 
Glechoma , and sugar beet continued their vegetative growth for a year 
or more without producing flowers if they were maintained in rich soil 
and exposed to comparatively high temperature and humidity through 
the winter. Of particular importance and interest were his experiments 
with Sempervivum, to one of which reference has already been made. 
His general conclusions with regard to the conditions determining re- 
spectively vegetative growth and production of flowers were as follows: 

1. With vigorous photosynthesis and high light intensity a consider- 
able increase in the supply of water and nutrient salts furthers strong 
vegetative growth. 

2. With vigorous photosynthesis and high light intensity a decrease 
in the supply of water and nutrient salts leads to production of flowers. 

3. If a medium supply of water and mineral nutrients is provided, 
either vegetative growth or flower production is possible; which of these 
actually proceeds is determined by the intensity of photosynthesis. By 
diminishing the latter, as, for example, by reducing the light intensity, 
vegetative growth continues; on the other hand, exposure to high light 
intensity leads to the production of flowers. 

The formation of reproductive organs in Sempervivum thus results 
when the rate of production of carbohydrates is high compared with the 
rate of intake of water and mineral nutrients, while vegetative growth is 
furthered by a lower rate of production of carbohydrate in proportion 
to the supply of water and nutrient salts. Such a conclusion that the 
formation of reproductive structures is determined by the relation of 
organic to inorganic nutrition, is in agreement with the experience of 
horticulturists that excessive application of manure to various garden 
crops may further vegetative growth and retard flowering. 

Klebs’s ideas have received support from a number of researches dur- 
ing recent years on the nutritional conditions necessary for flower and 
fruit production in various plants of horticultural importance. The first 
and best known of these investigations is that by Kraus and Kraybill 
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dealing with the tomato. The general conclusion they drew from their 
experiments is that the relationship between the amounts of vegetative 
and of reproductive growth is determined by the ratio of carbohydrate 
and nitrogenous substances present within the plant and available for its 
nutrition; by the value, that is, which is now very generally known as the 
carbohydrate/nitrogen ratio. A good supply of nitrate to the plants with 
opportunity for photosynthesis and the production of carbohydrate leads 
to vigorous vegetative growth, but little fruit is produced; here the carbo- 
hydrate/nitrogen ratio is relatively low. A moderate supply of nitrate 
with ample opportunities for photosynthesis leads to an intermediate 
vegetative growth and maximum fruit production; here the carbohydrate / 
nitrogen ratio is higher. With poor nitrogen supply both vegetative 
growth and fruit production are small. Without satisfactory vegetative 
growth subsequent fruit production cannot be vigorous. Thus fruitfulness 
is associated with a definite range of values of the carbohydrate /nitrogen 
ratio, outside of which vegetative growth predominates. Results obtained 
by Gurjar with the same species confirmed the findings of Kraus and 
Kraybill. He determined the carbohydrate and nitrogen contents of 
plants subjected to different degrees of manuring, and found that plants 
would develop vegetatively over a range of carbohydrate /nitrogen ratios 
between 2 and 19, but that fruits formed only so long as the ratio lay 
within the narrow limits of 4 and 6. 

Klebs’s views, and the more exact formulation of them conveyed in 
the idea of the carbohydrate/nitrogen ratio, have been subjected to con- 
siderable subsequent testing. Woo found in Amaranthus a plant capable 
of absorbing large quantities of nitrates and still forming reproductive 
organs readily, and it is evident, if the carbohydrate/nitrogen ratio con- 
cept is applicable to this plant, that either the ratio necessary for flower- 
ing and fruiting must vary widely with different species, or it may be 
necessary to limit more exactly the nitrogen compounds to be considered 
in relation to carbohydrate. Both seem very reasonable suggestions. Much 
work has also been done on the connexion between the ratio and flowering 
and fruiting in apple trees. Here the phenomenon of biennial fruiting is 
frequent, the short shoot or ‘spur’ which bears the flowers going through 
a 2-year cycle, in the first year of which growth is vegetative, except that 
the flower buds are formed at the end of one season, while in the second 
season these buds develop into flowers. Correlation between the value of 
the carbohydrate/nitrogen ratio and flowering in the apple has been 
sought along a number of different lines. Hooker analysed the spurs at 
intervals throughout the 2-year period and found that at the beginning 
of the cycle the carbohydrate /nitrogen ratio is relatively low and vegeta- 
tive growth active. This growth results in the utilization of both carbo- 
hydrates and nitrogenous substances, and the amount of both substances 
decreases until growth in length stops with the production of the terminal 
bud. The photosynthetic activity of the leaves now brings about an in- 
crease in the carbohydrate content of the spur, with the result that the 
carbohydrate/nitrogen ratio increases, and while this proceeds the flower 
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buds are differentiated. From this time until the cessation of activity at 
the end of the season both carbohydrate and nitrogen accumulate. In the 
following spring the enlargement and opening of the flower buds is accom- 
panied by a rapid disappearance of carbohydrate, but not of nitrogen, 
the latter only disappearing with the development (‘setting’) of the fruit. 
A low value of the carbohydrate /nitrogen ratio thus appears to be char- 
acteristic of the beginning of the fruiting phase as distinct from flower 
development. Further evidence of the importance of the carbohydrate/ 
nitrogen ratio in determining the formation of fruits in the apple was 
obtained by Hooker by manuring experiments, in which more fruit 
developed when the trees were supplied with nitrogenous manure in the 
spring so that the nitrogen content of the spurs was increased at the time 
of fruit-setting. 

It was shown by Harvey and Murneek that removal of the leaves from 
the spurs just before the flower buds are differentiated reduces both the 
carbohydrate/nitrogen ratio and the formation of flower buds, a result 
completely in accord with the view already given of the significance of 
the carbohydrate/nitrogen ratio. 

Observations on a number of other plants suggest that the relations 
between the value of the carbohydrate/nitrogen ratio on the one hand, 
and reproduction on the other, found to exist in tomatoes and apples, 
maybe more or less general. Nightingale’s results with buckwheat, radish, 
soya bean and Salvia , in which the nitrogen content was varied by 
manuring, and the carbohydrate content by exposing the plants to 
different daily periods of illumination, were in general agreement 
with those already mentioned, as were also those of Gardner with the 
strawberry. 


THE FORMATION OF FRUIT 

While the change from purely vegetative growth to reproductive 
activity may thus in part be influenced by external conditions, it does not 
necessarily follow that the same conditions which induce the forma- 
tion of flowers will bring about the ripening of fruit, and it is a matter 
of common knowledge that the formation of flowers is not necessarily 
followed by the production of fruit. 

In algae with motile antherozoids, Bryophyta and Pteridophyta, 
•fertilization of the ovum can only result if there is a sufficiency of water 
to enable the motile cell to swim to the oogonium or archegonium. In 
Bryophyta and Pteridophyta water also plays a part in the preparation 
of the antheridium and archegonium, both sexual organs absorbing water 
to a considerable extent. In the case of the antheridium the pressure 
produced results in the bursting of the organ with the release of the 
spermatozoids, the cell-walls of which have absorbed water and disap- 
peared as mucilage. An apparently similar absorption of water by the 
walls of the canal cells of the archegonium results in the disappearance of 
these walls also, leaving a channel for the passage of the spermatozoid to 
the ovum. 
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Some substance which exerts a chemotactic influence (see Chapter 
XXIV) on the spermatozoids appears to be present in the mucilage 
formed in the neck canal of the archegonium in many species. In mosses 
the substance appears to be sucrose; at any rate, it was shown by Pfeffer 
that the spermatozoids of mosses move towards higher concentrations of 
this substance, while the spermatozoids of ferns are attracted by malic 
acid and its salts, even by a solution as dilute as 0*001 per cent., and to a 
less extent by maleic acid. Buller showed that a number of other sub- 
stances, as, for example, potassium nitrate, potassium chloride, potassium 
bromide, sodium formate and potassium acetate, if present in sufficiently 
high, but not too high, concentration, would also attract fern sperma- 
tozoids. No substance, however, was found to have anything approach- 
ing the effect of malic acid. Sugars, alcohols, asparagine and urea have no 
attractive effect on fern spermatozoids. It is possible that malic acid plays 
a similar part in bringing about fertilization in Selaginella as in the ferns, 
and it is also possible that the direction of movement of the sperma- 
tozoids in other species is the result of similar chemotatic stimulation 
by substances so far unidentified. 

A very interesting observation by Verkaik calls for mention at this 
point. It is well known that Mucor mucedo comprises two strains, desig- 
nated by the symbols + and — , and that zygospores normally form 
only by the union of a hypha of one strain with a hypha of the other. 
Verkaik found that zygospore formation could be induced in a culture 
containing the + strain by the addition to it of a piece of agar taken 
from a culture of the — strain but containing no mycelium. The conclu- 
sion to be drawn is that a substance diffuses from the — strain which 
induces zygospore formation in the hyphae of the + strain; it thus might 
be regarded as a ‘reproduction hormone’ analogous to the now well- 
known growth hormones. 

It has already been mentioned that Gregory and Purvis hypothesize 
the formation of a spikelct-promoting substance to account for the effects 
of vernalization and photoperiod on the time of flowering of rye while 
other workers, notably Hamner and Bonner, have obtained evidence 
suggesting the formation of a flower-initiating hormone in the leaves. 
Some other evidence for the existence of such a hormone may be men- 
tioned. In the pineapple, for example, Clark and Kerns found that 
a-naphthaleneacctic acid, if applied in low concentration before the 
initiation of the flowers, induced earlier flowering, whereas, if similarly 
applied in high concentration, it delayed flowering. Previously, in 1937, 
Dostal and Hosek had reported for Circaea intermedia that cutting buds 
which would normally produce flowers and applying to the cut surface 
a paste of lanolin containing heteroauxin, induced them to develop 
vegetatively. 

In higher plants the pollen must be carried from the anther to the 
stigmatic surface, or, in other words, pollination must be effected, as a 
necessary prelude to fertilization. In some plants self-pollination, in 
which pollen from the same flower, or from other flowers of the same 
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individual, reaches the stigmatic surface, takes place, and is also effective 
for subsequent fertilization, but cross-pollination, in which pollen from 
some other plant is carried to the stigmatic surface, is generally regarded 
as more usual and also more effective in ensuring fertilization and the 
production of vigorous plants in the next generation. The part played 
by various agents, mainly wind and insects, and less frequently water, 
small birds, snails and so on, in carrying the pollen is extremely well 
known. Obviously a failure of these agents to function normally may 
have a very considerable effect on pollination and fertilization. Thus, 
where wind is the normal agent of pollination, a continuous spell of very 
still weather during the time of maturation of the pollen, may reduce 
pollination very considerably. Even more definite in its effects may be 
the inhibition of the movement of insects that are normal carriers of 
pollen. Thus among the principal pollinating insects are bees, but these 
fail to visit flowers in very cold or very windy weather. External condi- 
tions may therefore influence pollination and hence fertilization and fruit 
formation, both directly and indirectly. 

In a few species and varieties, it is not necessary for the pollen to 
germinate after reaching the stigmatic surface, or even for pollination 
to take place at all, in order that the plant may produce viable seeds. 
The most notable instances of this kind occur in Antennaria alpina, in 
many species of Alchemilla belonging to the subgenus Eualchemilla, in 
Thalictrum purpurascens, Hieracium spp., Atamosco and Burmannia. In 
Antennaria alpina few male plants are produced and in those that are 
formed pollen production is weak or wanting altogether. No reduction 
division takes place in the formation of megaspores and the egg cell thus 
contains the sporophytic or diploid number of chromosomes. This latter 
state of affairs is found in the other species mentioned above, though in 
some of them, as in Thalictrum purjrurascens, under natural conditions 
embryos arise both through fertilization and parthenogenetically. In 
some species the embryo may develop as a form of budding from the 
sporophytic tissue of the nucellus. 

Apart from such cases of so-called parthenogenesis or apogamy, 
development of the pollen tube from the pollen grain is, of course, 
essential if fertilization is to be effected. But because the pollen reaches 
the stigmatic surface it does not follow that germination of the former 
will take place. The stigmatic surface often secretes a fluid in which the 
pollen grains are held, and when the grain germinates it absorbs water 
from this fluid and from the surface cells of the stigma, and hence if dry 
weather, and particularly dry winds, have brought about too great an 
evaporation of water from the surface or surface cells, absorption of 
water by the pollen may not be possible. The presence of enough water 
is clearly, however, only one factor influencing the germination of pollen 
grains. Thus while the pollen grains of many species will germinate in 
artificially prepared culture media such as sugar solutions, in other 
species it has not so far been found possible to germinate the grains away 
from the stigma or its excretion or in absence of some particular 
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substance. The germination, for instance, of pollen of members of the 
Ericaceae takes place, according to Molisch, only in presence of malic 
acid. The pollen may contain, besides sugar, other substances including 
organic acids, and Branseheidt has shown that both the germination 
of the grain and the growth of the pollen tube are dependent on the 
hydrogen-ion concentration, although the hydrogen-ion concentration 
for maximum germination may be affected by the presence of other 
substances. 

In many cases of self-sterility the pollen from a particular plant will 
not germinate on the stigma of a flower of the same plant, although 
pollen from other plants of the same variety or species will germinate 
readily. There are also species in which a whole variety is self-sterile, 
inasmuch as the pollen of the variety is incapable of germinating on the 
stigmas of any plant of that variety. In yet other cases different varieties 
may be cross-sterile, the pollen of one variety failing to germinate on 
the stigmas of certain other varieties of the species. As we shall see, 
failure of pollen to germinate is not the sole cause, but certainly one very 
definite source of sterility. 

Much attention has been given to these questions in recent years, 
and some advance has been made towards understanding the reasons 
for sterility of this type in some instances, but the whole matter is still far 
from clear. It appears that in apples, for example, the stigmatic secretion 
of some varieties has a definite inhibiting effect on the germination of 
the pollen of some other varieties. Such inhibition may be related to 
hydrogen-ion concentration or to the concentration or presence of some 
other ion or substance, but what this is has not been determined in any 
example. Actual self-sterility, depending on the failure of the plant’s 
own pollen to germinate on the stigma, must presumably be due to a 
similar state of affairs. From his researches on self-sterility in Petunia 
violacea Yasuda concluded that the substances which inhibit germination 
of the plant’s own pollen in this species are absent in the unopened flower 
but develop in the gynaccium before the pollen is shed, and then decrease 
as the gynaecium grows old. The inhibiting material can be extracted 
from the gynaecia with water, and it has been found by treating cultures 
of pollen with a preparation of the substance that not only does it 
inhibit the germination of the plant’s own pollen, but it favours the 
development of the pollen from other plants. 

It has generally been supposed that the substances inhibiting or 
favouring pollen germination are present in the pistil and its stigmatic 
excretion, but Branscheidt’s work indicates that pollen itself may not 
be without effect in this matter, for this worker found that the filtrate 
from a suspension of pollen in a solution of sucrose influenced the ger- 
mination of pollen of other varieties, although the action of the pollen 
is generally much less than that of the stigma. Thus, when pollen of a 
number of different varieties reaches one stigma, it may be that the 
pollen of one variety may excrete a substance inhibiting the develop- 
ment of the grains of another variety. What has been called the 
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prepotency of alien pollen, that is, the readier germination of alien pollen 
as compared with pollen of the same individual or variety, when both 
are present together on one stigma, may be partly due to this influence 
of the pollen as well as to that of the stigma. Pollen and stigma of the 
same variety can exert contrary effects, one furthering germination and 
the other opposing it, which suggests that the differences between the 
excretions of pollen and stigma may be not only qualitative but also 
quantitative. 

According to Branscheidt, active pollen and stigmatic excretions 
regularly contain phosphatides and lecithides, reducing and surface- 
active substances, but not sugar. Proteins and protein decomposition 
products and amylase are present in the pollen excretion. 

Niethammcr found that pollen free from sugar would not germinate 
in hanging-drop cultures, while with grains containing sugar the ger- 
mination capacity increased with the sugar content. Grains with a higher 
content of ash constituents and of organic acids also exhibited a greater 
germination capacity than those in which the content of such substances 
was low. It is also possible that atmospheric conditions may affeet the 
content of nutrient substances in some pollen grains and so influence 
their power of development. Nowinski found that starch disappeared 
from pollen of Secale cereale in damp air, while pollen of Poa annua y 
which in damp air was found to be devoid of starch, formed starch when 
grown on a sucrose solution. Pollen of Urtica wrens and Chelidonium 
majus also produced carbohydrate reserve (‘amyloid’) when grown on 
sucrose solutions. Such a behaviour does not, however, appear to be 
general, for pollen of a number of species, including Nymphacasemiaperta, 
Nuphar lutca , Sinapis alba and Vida faba, did not form starch when 
grown on sugar solutions. 

At the time of pollination the respiratory activity of flowers increases 
considerably. This was shown in 1907 by Jean White for a number of 
species, the results being summarized in Table XCI. It will be observed 
that the greatest effects were observed in Canna indica and Pelargonium 
zonale , in which the respiration rate increased 6-2 and 5-8 times respec- 
tively after pollination. In other species the effect, although not so 
marked, was very evident. 

Tabk XCI 

Increase in Respiratory Activity of Gynaecium after 
Pollination 

Ratio of Respiration Rates of 
Pollinated and Unpollinated 


Species Gynaecia 

Eucalyptus calophylla . . .1-6 

Fuchsia serratifolia . . . 1-6 

Pelargonium zonale . . . .5*8 

Digitalis purpurea . . . .1*0 

Begonia semperflorens . . . 4*0 

Tecoma capensis .... 2*0 

Lilium candidum . . . .1*7 

Canna indica ..... 6*2 

Agapanthus umbellatus . . .1*5 
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The germination of the pollen grain results in the development from 
it of the pollen tube through the tissues of stigma and style to the 
ovary. Here substances secreted in the tissues of the various parts of 
the ovary undoubtedly play a part in directing the course of the pollen 
tube, as first suggested by Molisch in 1889. Certain researches by Miyoshi 
have become classical. Pollen grains were sown on agar in which various 
parts of the ovary, including pieces of ovules, styles and stigmas were 
embedded. The pollen grains germinated and the resulting pollen tubes 
grew towards the pieces of ovary, the direction of growth being most 
markedly influenced by fully developed ovules, through the micropyles 
of which the pollen tubes grew. Among the substances to which the 
pollen tubes are similarly chemotropically sensitive (cf. Chapter XXIV), 
sugars (sucrose and glucose) appear particularly active. Miyoshi found 
no effect produced by ammonium phosphate, peptone and meat extract, 
whereas Lidforss found in Narcissus tazetta that proteins exerted a con- 
siderable chemotactic influence. The pollen tubes, according to Miyoshi, 
are also positively hydrotropic, growing away from a drier region towards 
a damper; the previous finding of Molisch that the pollen tubes are 
negatively aerotropic, growing away from air, may possibly be inter- 
preted as a case of positive hydrotropism. 

The presence of amylase in pollen grains has been recorded by a 
number of workers, and this no doubt serves to mobilize to sugar 
the carbohydrate present in the grains as starch. The importance of 
sugar for pollen germination and growth has already been mentioned. 
Reynolds Green also demonstrated the presence in some pollen grains 
of sucrase, which would serve for the mobilization of sucrose. It seems 
probable that these enzymes, and perhaps others as well, diffuse through 
the wall of the pollen tube into the tissues of the gynaecium and there 
mobilize reserve material which diffuses into the pollen tube. Having 
regard to the relative sizes of pollen grain and pollen tube by the time 
the latter has finished its growth it seems fairly obvious that the grain 
could not provide sufficient material for the full growth of the tube. 
The tube appears, in fact, to grow as a parasite in the tissues of the 
ovary. 

The pollen tube grows principally through intercellular spaces, and 
it has been suggested that it forces its way through these spaces, enlarg- 
ing them where necessary, simply by the hydrostatic pressure exerted 
by its contents. It is, however, the more general view that the penetration 
of the pollen tube through the tissues of the gynaecium is assisted by the 
excretion from the tube of the enzyme pectinase which brings about 
the dissolution of the pectin of the middle lamellae of the cells. 

The rate of growth of the pollen tube is generally remarkably rapid, 
the embryo-sac being reached and fertilization occurring within 1 or 2 
days. In some species, however, the rate of growth is slower, the time 
between pollination and fertilization in birch, for example, being nor- 
mally about a month and in some species of oak as long as a year. 

The rate of growth may be expected to depend on the temperature, 
81 
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while there is at least a possibility that variations in the content of the 
cells of the gynaecium through which the tube passes may involve 
corresponding variations in the rate of growth of the tubes. 

Niethammer has shown that in hanging-drop cultures the rate of 
growth of pollen tubes can be increased by the addition to the medium 
of certain substances such as salts of heavy metals, organic acids and 
alkaloids, while Branscheidt has shown that pollen tube growth can be 
affected by hydrogen-ion concentration and other factors in the same 
way as is the germination of the pollen grains. In some varieties of apple, 
for example, if both the plant’s own pollen and that of other varieties are 
present, the normally more rapid growth of the pollen tube of the other 
varieties results in cross-fertilization. Such self-sterility probably results 
from inhibitory action similar to that already considered in relation to 
pollen germination. 

Brink found that pollen of the sweet pea ( Lathyrus odoratus) is very 
sensitive to the presence of inorganic salts. Grains grown in a sucrose 
solution to which had been added 0*0002 M sodium chloride develop 
tubes only 15 per cent, of the normal length, while a concentration of 
0*01 M inhibits the germination of the grain. Magnesium chloride and 
barium chloride are about 15 times as toxic as sodium chloride. Experi- 
ments with pollen of Nicotiana showed that this also is highly sensitive 
to the presence of inorganic salts, although the action of the various 
salts may not be the same with the two species. Thus the growth of 
Nicotiana pollen tubes is actually increased by magnesium chloride in 
a concentration of 0*002 M. Calcium chloride in concentrations varying 
from 0*002 M to 0*02 M furthered the growth of Lathyrus odoratus pollen 
tubes, whereas this salt had a toxic effect on the growth of Nicotiana 
pollen. Brink thought that the favourable effects here mentioned might 
be due to a lowering of protoplasmic permeability and the consequent 
prevention of the external diffusion of solutes. He regarded his results 
as indicating that electrolytes present in the tissues of the style might 
serve to regulate the diffusion of substances through the plasma mem- 
brane of the pollen tube, and so markedly affect its growth. 


FERTILIZATION 

As regards the physiology of the fertilization process itself, little is 
known. When the pollen tube reaches the embryo-sac its wall appears 
to burst and the male cells and some other contents of the apical region 
of the tube pass into the embryo-sac. This bursting of the thin-walled 
pollen tube suggests a sudden absorption of water by the tube and 
stretching of the wall until it can no longer resist the hydrostatic pres- 
sure of the contents. The fusion of one of the male nuclei with the egg 
takes place almost at once, and is followed in many angiosperms by that 
of the second male nucleus with one or both of the polar nuclei, although 
in some species this fusion appears not to take place. While the fertilized 
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egg cell develops into the embryo the secondary nucleus, either produced 
by fusion of the polar nuclei with a male nucleus, or by fusion of the two 
polar nuclei only, gives rise to the endosperm from which the developing 
embryo later derives its nourishment. 

According to the observations made by D. M. Whitaker on Fucus, 
fertilization of the egg brings about a quite definite rise in its respiratory 
activity. Unfertilized eggs in the dark were found to use about 5-2 c. mm. 
of oxygen per hour per 10 c. mm. of eggs, while the oxygen consumption 
of spermatozoids amounted to as much as 25-5 c. mm. per hour per 
10 c. mm. of sperms. The magnitude of this respiratory activity will 
become evident when it is observed that 10 c. mm. of thallus use 
2-08 c.mm. of oxygen per hour. After fertilization the rate of oxygen 
absorption of the egg increased by 90 per cent., this higher rate being 
maintained for 18 or 14 hours, after which there was a further slight 
rise. This may correspond to the first division of the egg, which at the 
temperature employed, namely 18° C., occurred in about half the eggs 
under observation 15 hours after fertilization. Whether an increase in 
respiration rate accompanies fertilization in general can at present only 
be conjectured. 

As mentioned above, subsequent to fertilization the fertilized egg 
and secondary nuclei, by a series of divisions, develop into the embryo 
and endosperm respectively. Generally the endosperm commences its 
growth more rapidly than the embryo, which only starts to grow com- 
paratively rapidly after the endosperm has made considerable develop- 
ment. For the development of the endosperm the necessary material 
is derived from the surrounding nucellus, which in most species practic- 
ally disappears, although in a few it persists in whole or in part as 
perisperm, when physiologically it serves the same purpose as endosperm, 
that is, it forms a reservoir of food material to be utilized by the growing 
embryo. The latter continues its development up to a certain point, 
when it enters on a resting stage, the ovule containing it having become 
the seed. When this stage is reached the whole of the endosperm may 
have been utilized and the seed is described as exalbuminous, or endo- 
sperm may be left surrounding the embryo and the seed is said to be 
albuminous. 

As is well known, the changes in the embryo-sac following on fertiliza- 
tion are accompanied by changes not only in the ovule but also in 
the outer tissues of the ovary and often in the floral receptacle. These 
involve, in general, an increase in size, and generally a change in con- 
sistency, the ovary-wall either developing sclerenchymatous layers and 
becoming hard, or else thickening and swelling and becoming succulent. 
Not only the size, but also the shape, may change, owing to different 
rates of growth in different parts, while pigments frequently develop 
and the fruit, instead of remaining green, develops various colours. 
These changes in external appearance and internal structure are accom- 
panied by changes in chemical composition of which something will be 
said later. 
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PARTHENOCARPY 

Although the changes in the tissue of the ovary and, sometimes, of 
the receptacle as well, involved in the formation of the fruit most fre- 
quently only take place when fertilization occurs, there are many 
instances in which they proceed whether fertilization occurs or not. Thus 
in 1849 Gaertner, in his work on hybridization, in the words of Charles 
Darwin, ‘often insists that the flower of even utterly sterile hybrids, 
which do not produce any seed, generally yield perfect capsules or 
fruit, a fact which has likewise been repeatedly observed by Naudin with 
the Cucurbitaccae’. Darwin himself recorded a number of species which 
possess varieties forming seedless fruit, such as pears, grapes, figs, pine- 
apples, bananas and so on. The development of fruit without visible 
seeds may exemplify one of two phenomena described respectively as 
parthenocarpy and non-parthenocarpic secdlcssncss. The former term 
is limited to the development of fruit without fertilization and conse- 
quently without development of the embryo (in which latter respect it 
differs from parthenogenesis), while by non-parthenocarpic seedlessness 
is meant the development of fruit without viable seeds as the result of 
fertilization being followed by abortion of the embryo. 

Many well-known examples of true parthenocarpy occur among 
species of fruit cultivated for their edible qualities. In what has been 
called ‘vegetative parthenocarpy’ the fruit develops without any pollin- 
ation at all. Among such are a number of varieties of orange (seedless 
oranges), bananas, cucumbers and mulberries. In other cases pollina- 
tion appears to be necessary for the development of the fruit although 
fertilization is never effected. Certain varieties of pear, and the Thompson 
seedless grape, are examples. Moreover, such parthenocarpic develop- 
ment has even been effected with pollen of an entirely different species. 
Thus Millardet obtained fruits of the grape ( Vitis vinifera) by pollinating 
the stigmas with pollen of the Virginia creeper (Ampelopsis hederacea). 
Parthenocarpic development has even been effected in quite a number 
of instances by applying chemical substances (for example, magnesium 
sulphate and chloroform vapour), by mechanical irritation and by 
wounding. Parthenocarpic development resulting from stimulation of 
any kind, whether by pollen or by other agents, has been called stimulative 
parthenocarpy by Winkler and by Gardner, Bradford and Hooker. 

In a fairly recent review Gustafson divides parthenocarpy into 
natural and induced . Natural parthenocarpy includes not only those 
instances where seedless fruit forms naturally, but those where natural 
tendencies towards this are assisted by man. Thus parthenocarpy in- 
duced by artificial pollination or by ringing the stem, which will induce 
the formation of seedless fruit in grapes, is regarded as natural partheno- 
carpy. Induced parthenocarpy is limited to the production of seedless 
fruit by the application of chemical substances. 

The development of parthenocarpic fruits may include the develop- 
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ment of the outer tissues of the ovule so that, although no embryo is 
produced from the egg cell, the integuments of the ovule develop, with 
the result that the fruit contains what appear externally to be normal 
or imperfectly developed seeds. All gradations in these up to apparently 
normal seed structures have been observed in parthenocarpic fruits, 
but such seeds are, of course, non- viable. 

The conditions favouring the development of parthenocarpic fruits 
are little understood. In species and varieties where fertilization is 
essential to the development of the fruit, a frequent event when fertiliza- 
tion fails to occur is the production of an abscission layer at the base of 
the flower, which in consequence is cut off from the nutrient supplies 
and falls. In parthenocarpic fruits obviously this abscission layer fails 
to form and the development of the fruit proceeds normally. In stimula- 
tive parthenocarpy, the stimulus, by pollination or otherwise, apparently 
sets up changes which lead to the inhibition of abscission layer forma- 
tion; in vegetative parthenocarpy such inhibition results without the 
need of previous stimulation. It has been suggested that accumulation 
of organic nutrient material in the neighbourhood of the flowers may 
lead to continued growth of the fruiting structures with the inhibition of 
abscission layer formation. 

Non-parthcnocarpic seedlcssness, due to embryo abortion, can result 
from the operation of external factors, such as low temperature, which 
brings about a lowering of the rate, or even complete cessation of 
embryonic growth. Conditions of food supply can also cause embryo 
abortion, and while presumably poor nutrition will have this result, 
curiously enough abortion has been effected in tomatoes by excessive 
nutrition. It may be that the relation between the available quantities 
of inorganic and organic nutrients may be important in this connexion, 
but no definite information on the point has yet been obtained. 

In many-seeded fruits there is often a relation between the number 
and position of viable seeds, and the size and shape of the fruits. In 
some varieties of apples, pears and strawberries the absence of viable 
seeds on one side of the fruit involves less development of the fruit on 
that side, with the consequence that the fruit has a one-sided appearance. 
In some species of apple there is a greater tendency for premature 
dropping of the fruit the fewer the number of fertilized ovules. No 
general rules, however, can be formulated in this connexion, for in some 
varieties seedless fruits are as large, or even larger than normal fruits 
of the same variety containing viable seeds. 

In recent years the possibility of obtaining parthenocarpic fruits 
by the application of indole acetic acid (heteroauxin) and related and 
other substances often referred to as synthetic hormones was shown by 
Gustafson in 1936. This investigator obtained mature seedless fruits of 
tomato and some other plants by applying lanolin containing a growth- 
promoting substance such as indole acetic acid, indole propionic acid or 
phenylacetic acid to the stigma or the cut surface of the style after 
removal of the stamens from the bud. Subsequent work has shown that 
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parthenocarpic fruits may be obtained by merely cutting the flower bud 
or young flower immediately above the ovary and smearing the paste 
on the cut surface. A number of carriers other than lanolin can also be 
used to hold the growth-promoting substance. Spraying the flower with 
a solution of the hormone, injecting the solution into the ovary, or sub- 
jecting the plants to the vapour, are other means of obtaining partheno- 
carpic fruits. 

A great variety of substances have now been tested for their capacity 
to induce parthenoearpy. Among the derivatives of indole, indole butyric 
acid appears to be the most effective. A number of derivatives of naph- 
thalene have proved to be very active in inducing parthenoearpy. 
Among these compounds a-naphthalene acetic acid and j8-naphthoxy- 
acetic acid appear to be particularly effective. 

STERILITY AND FERTILITY 

Sterility is the failure to produce viable seeds and is contrasted with 
fertility, the condition in which such seeds are produced. Much informa- 
tion relating to sterility was collected by Charles Darwin in his work on 
the Variation of Animals and Plants under Domestication , and the 
conditions producing it he indicated in many instances. Darwin recog- 
nized sterility frequently to be due to evolutionary causes, the self- 
sterility exhibited by many species being related to the development of 
devices to further cross-fertilization. The frequency of sterility of hybrids 
was emphasized. But Darwin also recognized that external conditions 
might affect sterility and fertility. Among such conditions he mentioned 
excess of manure, extreme poverty of soil, temperature of soil and time 
of watering, all of which may influence the formation of viable seeds. 

Of later years A. B. Stout has classified the various kinds of sterility 
into three main types according as it is due to (1) impotence, (2) incom- 
patibility and (3) embryo abortion. 

Sterility from impotence results from the failure of either pollen or 
embryo-sacs to form or develop normally. 1 Impotence is complete when 
both pollen and embryo-sacs fail to develop, and partial only when 
one or other of the sex organs are affected. Many instances of complete 
impotence are recorded by Darwin. Among these are ‘double’ flowers 
in which both stamens and carpels arc replaced by petals. Doubleness 
appears to be induced principally by long-continued cultivation in rich 
soil, although poverty of soil may produce the same result, possibly in 
different species. Darwin described completely double flowers on plants 
of Gentiana amarella growing on poor chalky soil and he observed a 
tendency to doubleness in Ranunculus repens 9 Aesculus pavia and 
Staphylea growing under unfavourable conditions. When plants become 
sterile through hybridization there is, according to both Gaertner and 
Darwin, a strong tendency for the plants to become double. Luxuriance 

1 It is to be observed that Charles Darwin used the term ‘self-impotence’ as 
synonymous with self-sterility. 
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of vegetative growth, which, as pointed out earlier, may result from 
excessive inorganic nutrition, may involve absence of flowers altogether. 
The opinion has also been expressed by horticulturists that long- 
continued propagation by vegetative means, such as by bulbs, tubers, 
cuttings and so on, also leads to the production of barren flowers or to 
a failure to produce flowers at all. According to Darwin, there is no 
doubt that many plants so propagated are sterile, but whether the mode 
of propagation is responsible for the sterility he considered there was 
insufficient evidence to decide. 

Partial impotence is met with most commonly in species where the 
stamens and carpels are borne on separate flowers or on separate plants, 
the latter being the most effective device possible to prevent self- 
fertilization. In some species all transitions between perfect flowers and 
perfect uniscxuality are met with. In many hybrids the anthers appear 
as shrivelled brown, or toughish structures containing no viable pollen; 
members of the Caryophyllaceae, Liliaceae and Ericaceae suffer most 
from this defect. In such ‘contabcscent’ plants, as Gaertner called them, 
the carpels are not usually affected. The reverse state of affairs, in which 
the stamens develop normally while the carpels do not, also occurs; 
cases of this were described by Gaertner in Dianthus japonicus , Passiflora 
and Nicotiana. It is also common in a number of plum varieties, a 
proportion of the carpels developing imperfectly or aborting completely. 

Doubling, again, may only affect the stamens and not the carpels, in 
which case a condition of partial impotence results. 

In quite a number of plants the stamens and carpels may appear to 
be normally formed, but actually the pollen or embryo-sacs fail to 
develop properly. Here again every transition is found between plants 
in which only a small proportion of the pollen is non-viable, to plants in 
which no viable pollen is produced. Plants in which abortion of pollen 
is common are varieties of grape, blackberry, strawberry and potato. It 
should be mentioned that a certain proportion of defective pollen may 
not be sufficient to interfere with fertility, and such plants, although 
possessing the character of partial sterility to a certain degree, are 
nevertheless, not necessarily sterile. Abortion of the embryo-sac before 
fertilization, in what appear otherwise to be normal ovules, has been 
observed in varieties of orange and plum. 

Sterility from physiological incompatibility obtains when functional 
pollen grains and cmbryo-sacs are produced, but nevertheless fertilization 
cannot be effected. The self-sterility of many plants falls into this 
category. The case of Corydalis cava described by Hildebrand at the 
International Horticultural Congress in London in 1866 and referred to 
by Darwin, may be cited as representative of this kind. A number of 
flowers of this species were pollinated with pollen from other plants of 
the same species; out of 68 flowers so treated 58 produced capsules con- 
taining on an average 4*5 seeds each. But when 16 flowers in the same 
inflorescence were inter-pollinated, only three capsules were formed, of 
which only one contained viable seeds and these were only two in number. 
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Finally, out of 84 flowers self-pollinated no capsules whatever were 
formed, although the pollen was observed to germinate and the pollen 
tubes to enter the stigma. 

Many observations similar to this have been made with other species, 
and particularly with orchids, and in some of these latter plants the 
pollen and stigma of the same individual appear to exert a toxic action 
on one another, for both became discoloured and disintegrate. 

In a Bohemian variety of apple (‘Boemiseher Rosenapfel’) which 
is self-sterile, Osterwalder reported that the sterility resulted from the 
growth of the pollen tube being insufficient to reach the ovule. In cross- 
pollinated flowers the pollen tubes reached the ovary about 2 days after 
pollination, but in self-pollinated flowers the tubes after this time had 
only penetrated the styles to a depth of 2 to 4 millimetres, and had 
formed curious club-shaped swellings at the tip, while even after 16 days 
there was no evidence of fertilization. On the other hand, L. J. Knight 
found that in the variety Rome Beauty there is a slowing down in the 
rate of growth of pollen tubes on the stigma of the same plant, but no 
inhibition of their growth, and he concluded that an important factor in 
self-sterility of this variety is the relatively slow growth of the pollen 
tubes. In observations on another self-sterile variety of apple, Yellow 
Bellflower, Namikawa could not detect even any retardation of growth 
as a result of self-pollination, and moreover suspected that Osterwalder’s 
conclusions were based on the observation of abnormal cases, for in 
Yellow Bellflower the pollen tube grows normally outside the stylar 
tissue, and, exceptionally, when the tube penetrates the style, its growth 
is very slow and the tip may become swollen. Here, at any rate, the 
incompatibility is not to be traced to inhibition or retardation of pollen 
tube growth in the style. Nevertheless, too slow a rate of pollen tube 
growth would result in sterility, for, unless fertilization occurs within a 
certain time, an abscission layer forms, sometimes at the base of the 
style, sometimes at the base of the ovary, or even at the base of the 
flower, and the flower, or part of it containing the pollen tube, is shed. 
The slow rate of pollen tube growth in the case of self-pollination as 
compared with cross-pollination, probably operative in other hetero- 
styled plants, has been observed in heterostyled buckwheat, and is held 
to be the factor resulting in self-sterility in Nicotiana. 

What must be regarded as a phenomenon closely allied to incom- 
patibility is the sterility resulting from too early or too late pollination. 
A number of cases are on record in which penetration of pollen tubes 
through immature styles results in the falling of the flowers, while the 
same may happen if pollination is considerably delayed after maturity 
of the stigma. 

Sterility resulting from embryo abortion generally arises from in- 
adequate nutrition of the fertilized egg or of the young embryo arising 
from it. In dealing with non-parthenocarpic seedlessness it has been 
mentioned that embryo abortion may give rise to that condition, and 
that low temperature is an effective factor in producing it, but it probably 
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sets up sterility in some varieties apart from the influence of external 
conditions. Thus, in one variety of cherry, in spite of apparently favour- 
able external conditions, sometimes 95 per cent, of the fruits may be 
seedless, owing to abortion of the embryo, while sterility of this kind 
may reach considerable proportions in other species. 

External factors may often induce sterility, and cases in which they 
have been shown to bring about a condition of impotence by affecting 
the development of stamens and carpels have already been mentioned. 
The external factors which may influence development of fruit are, as 
well as supply of nutrient material, light, temperature, wind, water 
supply and injury. 

The supply of nutrient material, besides affecting fertility through 
the development of sex organs, may obviously adversely influence the 
development of fruit if the supply of any particular substance is in- 
sufficient. For the rapid increase in size which takes place during the 
development of the fruit, reserves of material in the plant are no doubt 
largely drawn on, so that the supply of nutrients, not only during the 
period of actual fruit development, but prior to this, may be of impor- 
tance in determining the formation of fruit. 

For a similar reason, light, inasmuch as it is a factor necessary for 
the production of organic food reserves, might be a factor in fruit 
development. There appears, however, to be no definite evidence that 
this is so. That light conditions may bring about sterility seems, how- 
ever, to be true of a number of species, as, for instance, in the rose bay 
(Epilobium angusti folium), where the flower buds arc shed unopened 
when the plants are grown in too weak light. The relation between 
length of day and failure to produce flowers has already been discussed. 

Temperature may be a determining factor in the production of seed. 
The time taken for the pollen grain to germinate, and the rate of growth 
of the pollen tube, are both influenced by temperature, and at a tempera- 
ture below a certain value abscission of the style, ovary or flower, may 
take place before fertilization is effected. 

Temperature may also have an indirect effect on fertilization by 
influencing the movements of pollinating insects, which are mostly active 
only above a certain temperature. In some plants normally pollinated by 
insects, self-pollination is still possible if insect-pollination fails, but in 
many there are devices, such as the monoecious and dioecious conditions, 
heterostyly, protandry and protogyny, which prevent it, while in- 
compatibility may also be operative where self-pollination does occur. 
In varieties of edible fruits, low temperature, through inhibiting the 
movements of bees or other pollinating insects, may effectively prevent 
pollination and fertilization. 

Wind, as a factor in preventing fertilization, may act in several ways. 
In the first place, it may bring about evaporation of water from the 
surface of the stigma, so that this, instead of being covered with a sticky 
fluid which holds the pollen, becomes dry so that pollen grains no longer 
adhere to it. In the second place it may damage the flowers by beating 
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them against one another or against the stems of the plant, and thirdly 
it may affect pollination either favourably or adversely. It, of course, 
favours pollination of wind-pollinated flowers, but has an adverse effect 
on many insect-pollinated flowers, for just as many of these insect 
visitors of flowers do no work if the temperature is too low, so also they 
remain inactive if the wind is too high. 

The effect of water supply in promoting premature falling of leaves 
has been dealt with in the previous chapter. The same factors that in- 
duce the falling of leaves will also bring about the falling of flowers and 
fruit. Thus Molisch records that the falling of flower buds of Camellia 
and other plants generally^ results from shortage of water in the soil or 
from too hot and dry an atmosphere. According to the same authority, 
a prolonged dry period of summer weather will induce the falling of 
immature fruit of many species. 

Injury of flowers in a high wind has already been mentioned. Heavy 
rain may have the same effect. Attacks by insects, fungi and bacteria 
may also render fertilization impossible by damaging essential parts of 
the flower or fruit. Smuts, such as Ustilago antherarum on Lychnis , 'that 
attack the stamens of plants, and ergot ( Claviceps purpurea) that attacks 
the young ovary of rye, are well-known examples of fungi of this kind. 
Damage to flowers may also result through the action of chemical sub- 
stances, which might, for example, have been brought into contact with 
the flowers in the horticultural practice of spraying, or which might be 
present in the atmosphere near towns or industrial works. 

THE PREMATURE SHEDDING OF FRUIT 

The shedding of fruit prematurely must in general be due to one of 
the factors mentioned in the course of the preceding section of this 
chapter. Such shedding of fruit is a commercial problem of the fruit- 
grower, and consequently most information with regard to the conditions 
inducing it concern edible fruits. Dorsey’s investigations on the plum 
have shown that here premature falling of flowers or fruit occurs at 
three successive times; the first, soon after flowering, is of flowers con- 
taining defective carpels; the second is of flowers with normally developed 
carpels, in which pollination may have occurred but in which the ovules 
are unfertilized; the third is of flowers with ovaries containing fertilized 
ovules in which embryo development has commenced and then stopped 
prematurely. These three groups of falling flowers and fruits thus cor- 
respond respectively to the three types of sterility resulting from impo- 
tence, incompatibility and embryo abortion, though the last two may 
perhaps be traceable to the external factors of temperature and nutrition. 
In the pecan ( Carya olivaeformis ), a member of the Juglandaceae, more 
than three-quarters of the total shedding of immature fruit occurs about 
4 weeks after the time of pollination. This is the time that elapses 
between pollination and fertilization, and Adriance, who has examined 
the factors influencing the setting of fruit in this species, supposes that 
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the shedding of fruit is here due to lack of fertilization following on 
absence of pollination. It thus corresponds to the second of the falls 
observed by Dorsey in the plum. 

The shedding of immature fruit by apple trees has been examined by 
Murneek, who concluded that there are four waves of such shedding in 
this species, occurring at intervals of approximately 12 to 14 days, 
although the first two waves may overlap. The majority of the ovaries 
shed in the first ‘drop 5 appear to be abnormal, and sometimes the 
gametes of both sexes appear to be non-functional. But some of the 
fruits contain embryos, so that the shedding of some fruit, even in the 
first ‘drop’, is related to embryo abortion. 

The fruits which fall in the second wave show a slight development 
of the torus, which suggests that they have been stimulated by fertiliza- 
tion or pollination, but it is not clear whether they all contain embryos, 
although this seems to be so with the fruit shed in the later drops. 

It would seem likely that the shedding of fruit in the later drops, 
and to a certain extent in the earlier ones, is related to competition 
among the fruits for food, and is determined in part by food supply. 

Reference has been made in the preceding chapter to the effect of 
heteroauxin and synthetic hormones on the abscission of leaves. It would 
seem reasonable to suppose that these substances might have a similar 
effect in delaying the abscission of flowers and developing fruit. This has 
been found to be so, at any rate in the apple, in which, for example, 
Gardner and Marth by the use of sprays, and Hoffman, Edgerton and 
Van Doren with hormone-containing powders, have succeeded in con- 
trolling the premature dropping of fruit. 

CHEMICAL CHANGES DURING FRUIT DEVELOPMENT 

The morphological changes which arc involved in the development 
of fruit are accompanied by very definite changes in the chemical com- 
position of the tissues. This is, of course, very evident in fruits having 
an edible value, such as apples, pears, oranges, raspberries, strawberries 
and so on. 

The chief chemical constituents of most fruits are carbohydrates, 
nitrogenous substances and organic acids, all of which may be present 
in considerable quantity. Edible fruits also contain small quantities of 
substances, probably aldehydes and esters, to which their peculiar 
flavour and aroma arc due, and on the presence of which their value as 
articles of food largely depends. The carbohydrates arc those usually 
found in plants, namely, glucose, fructose and other monosaccharides, 
sucrose and perhaps maltose and other disaccharides, starch, dextrin, 
cellulose and possibly other polysaccharides. The chief organic acids are 
malic, citric and tartaric, the first named being the chief acid in the 
apple, citric acid that in the orange, lemon and other citrous fruits, 
while tartaric acid forms the principal acid of the grape. 

The chemical changes taking place during the ripening of fruit have 
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been examined in a number of species. Perhaps the most complete exam- 
ination of these changes is that made by Miss Archbold on two varieties 
of apple, namely Worcester Pearmain and Bramley’s Seedling, analyses 
having been made of the fruits taken at intervals beginning from the 
time when most of the petals had fallen but while the discoloured 
stamens were still attached. As regards carbohydrates, no starch was 
found to be present in cither variety during the first 3 weeks of develop- 
ment. Starch then begins to appear and increases in amount until a 
maximum is reached in about 5 to 6 weeks in Worcester Pearmain and 
8 to 10 weeks in Bramley’s Seedling; the maxima in the two varieties 
were found to be about 2 per cent, in the former and round about 
T3 per cent, in the latter. During the next stage of development the 
starch content was found to fall and to reach zero in about another 
6 weeks, the time when the fruit is normally gathered in Bramley’s 
Seedling, or a little after this in Worcester Pearmain. 



Fig. 50. — Curves to show the changes in sugar and starch content of Hramlcy's Seedling 

apple during ripening and storage 
(After II. K. Archbuld ) 


The total sugar content at the commencement of fruit development 
was found to be about 1 per cent.; the content then rises continuously, 
reaching a maximum of about 9 to 12 per cent, at about the time the 
starch disappears and growth ceases. Of the individual sugars, glucose 
is initially present in greater concentration than the others (in Worcester 
Pearmain 0*86 per cent, as compared with 0*32 per cent, fructose and 
0*48 per cent, sucrose; in Bramley’s Seedling 0-81 per cent, as compared 
with 0-27 per cent, fructose and 0*19 per cent, sucrose). Apart from 
minor variations the amount of each of these three sugars increases 
according to an exponential relation until starch appears. During the 
period of increasing starch concentration the total concentration of sugar 
increases at an approximately constant rate, but of the separate sugars 
the concentration of glucose remains practically constant while that of 
fructose increases rapidly so that in the mature fruit this sugar is much 
in excess of glucose. Sucrose also increases in concentration, reaching 
a maximum in Worcester Pearmain some time before the disappearance 
of starch, and in Bramley’s Seedling just before this occurs. The changes 
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in the content of starch and sugars in Bramley’s Seedling apples are 
shown graphically in Fig. 50. It will be observed that hydrolysis of starch 
in the later stages of development can account for only a small propor- 
tion of the sugars formed. 

The concentration of acids in the apple rises during the first 3 weeks, 
reaching a maximum just after the appearance of starch, the values of 
the maxima in Worcester Pearmain and Bramley’s Seedling being 
respectively about 1*3 and 2 per cent. The acid concentration then 
slowly falls and by the time the starch has disappeared has only about 
half the value of the maximum. 

During storage after removal from the tree there is a continued 
loss of dry weight as a result of respiration. Any starch left in the fruit 
first disappears and with the disappearance of starch the sucrose con- 
centration commences to fall, presumably through inversion into glucose 
and fructose. At first the concentration of hexose sugars increases, 
indicating that the inversion of sucrose exceeds the loss of hexose by 
respiration. As time goes on the rate of inversion of sucrose declines 
and ultimately produces less hexose than is lost, and consequently the 
concentration of hexose also falls. The changes in concentration of 
hexose are chiefly in fructose, for the concentration of glucose remains 
practically constant throughout the storage period. Acid concentration 
falls continuously. Whether it is respired directly or whether it is con- 
verted first into sugar is not known. 

The changes taking place during the ripening of the fruit of the 
tomato have been examined by Sands. Here throughout the ripening 
period there is a gradual decrease in the content of starch and pentosans, 
while sugars and acids increase. Thus in fruit 14 days old the concentra- 
tion of sugar was found to be 25*7 per cent., while in ripe fruit it was 
as much as 48 per cent, of the dry matter. In the same period the starch 
content decreased from 15-8 per cent, to 2*7 per cent. 

A slow decrease in acid content of fleshy fruits during ripening has 
been observed in an American variety of apple by Bigelow, Gore and 
Howard, in Bartlett pears by Magncss, in peaches by Bigelow and Gore, 
and in grape fruit by Hawkins and Magncss. Thus in general fleshy fruit 
with a definite acid content becomes sweeter as it ripens, both on account 
of increase in sugar content and of decrease in acid. 

A different type of fleshy fruit is the banana, for in this the acid 
content is presumably negligible. Analyses of this fruit made by Gore 
show that as it ripens the starch, both of peel and of pulp, decreases, 
while the sugar content increases. Some of Gore’s results are summarized 
in Table XCII. 

It will be observed that there is a loss in total carbohydrate, attributed 
to respiration. That only carbohydrate is utilized for this purpose is 
indicated by Olney’s determinations of the respiratory coefficient of 
bananas during ripening. He found the coefficient remains at unity 
throughout the ripening period. It will also be noted that the banana 
is a fruit which, in comparison with the apple, ripens very rapidly. 
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TabU XC1I 


Changes in Starch and Sugar Content of the Pulp of the 
Banana Fruit during Ripening 




Concentration in per cent, of Fresh 



Weight of Pulp 

Date 

State of Fruit 

— 

- - 



Sugar 

(as invert sugars) 

Starch 

May 2 

Green 

4 35 

19-01 

May 3 

Slightly yellowing 

9 65 

13-96 

May 4 

»» »» 

15 00 

8*62 

May 0 

Yellow 

19-65 

3 60 

May 8 

>» 

20 08 

1 73 

May 10 . 

,, 

20-61 

1-15 

May 13 . 

»» 

2005 

0-87 

May 16 . 

Brown 

18-21 

1 

1 01 


In many non-fleshy fruits, the seeds occupy a relatively greater 
proportion of the fruit than is the case with those fleshy fruits discussed 
above, in which, moreover, plant breeding has been directed to increas- 
ing the quantity of flesh in proportion to the quantity of seeds. In non- 
fleshy fruits the seeds are very frequently characterized by a high con- 
tent of fat which develops from carbohydrate during the maturation 
period. One effect of this is that the respiratory quotient of such seeds 
is greater than unity, owing to the fact that in the formation of fat from 
carbohydrate oxygen is released; this is utilized in respiration, and so 
only a portion of the oxygen required to oxidize carbohydrate is absorbed 
from outside the plant and determined when measurements are made of 
the respiratory quotient. As an example of this may be quoted Gerber’s 
observation that the respiratory quotient during the maturation of flax 
is 1-22. 


HYBRID VIGOUR 

The increase in vigour of plants produced by crossing different indi- 
viduals of the same variety, or different varieties of the same species 
has been long recognized and many instances of it were described by 
Charles Darwin. Current theories of hybrid vigour are chiefly based on 
Keeble and Pellew’s hypothesis that this vigour is due to the bringing 
together in the hybrid of complementary dominant factors. A contribu- 
tion to our knowledge of the physiology of hybrid vigour in maize has 
been made by Ashby. Maize is a plant in which this phenomenon is 
strikingly exhibited, and when two strains which had been inbred for 
years and the first cross between them were grown together, the more 
vigorous growth of the hybrid was strikingly manifest. Ashby found 
that the hybrid did not differ from its more vigorous parent in regard 
to relative growth rate, size of cells, photosynthetic activity of leaves, 
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or the time at which the growth rate begins to lessen. The only physio- 
logical differences between the hybrid and its more vigorous parent were 
an increased percentage of germination in the case of the seeds produced 
on crossing, and a greater initial weight of embryo. It is apparently this 
greater initial weight of the embryo which gives an advantage to the 
plant, an advantage which is maintained throughout life, since the 
relative growth rate remains the same as that of the more vigorous 
parent. The increased vigour of the hybrid must then depend on some 
process involved between fertilization and embryo formation. From 
observations on reciprocal crosses Ashby suggests that the increased 
weight of the embryo is largely determined by the influence of the 
female parent during the development of the embryo. The increased 
size of the hybrid embryo might be due to earlier division of the zygote, 
to an increased rate of growth, or to a longer period of growth before 
the resting period of the seed sets in. At present no information is 
available to decide which of these causes is operative. 
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CHAPTER XIX 


THE PRINCIPLES OF IRRITABILITY 

In the discussion of Plant Metabolism which formed the subject of 
Book II it has been pointed out that every plant process depends for its 
existence and magnitude on a number of factors or conditions, all of which 
are equally necessary. Now there have for long been known phenomena 
in which changes in such conditions have produced alterations in the 
vital processes which appear out of all proportion, or not in any way 
clearly related, to the change in the conditions. Two well-known cases of 
such phenomena may be taken as examples. When a seedling broad bean, 
possessing a main root which has been growing vertically downwards, 
is displaced through a right angle so that the axis of the main root is now 
horizontal, the cells on the upper side of the root grow more rapidly than 
those on the lower side, with the result that the root becomes curved and 
the tip of the root again comes to point vertically downwards. Here a 
change in a single condition, namely, the spatial relation of the root axis 
to the earth’s radius, results in a differential rate of growth on the two 
sides of the root. Again, when a tendril of a sweet pea is brought into 
contact with a solid support, such as a twig, the side remote from the 
twig grows very much more rapidly than the side in contact with the 
twig, with the result that the tendril coils round the twig. Here an altera- 
tion in the environment of the tendril produced by the replacement of 
air on one side of it by a solid body, results also in a differential rate of 
growth on the two sides of the tendril. To phenomena of this kind, in 
which an alteration in the external conditions gives rise to changes in 
the life processes of the plant involving energy transformation out of all 
proportion to that involved in the changes in the conditions, is applied 
the term irritability. The change in the external condition of the plant is 
called the stimulus , and the alteration in the life processes of the plant 
produced by the stimulus is called the response. 

Verworn, to whom we owe the most reasoned discussion of the subject 
of irritability of living tissue in general, defined stimulus as ‘every altera- 
tion in the external vital conditions’, and stated that ‘the irritability of 
living substance consists in the capability to respond to stimuli by 
changes of the vital processes’. This definition of stimulus would include 
among stimuli a change in carbon dioxide concentration of the atmos- 
phere which, if the carbon dioxide were a limiting factor, might produce 
a change in the rate of photosynthesis proportional to that in carbon 
dioxide concentration. Such a change producing such a response would 
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not constitute a stimulus, but it is conceivable that a change in carbon 
dioxide concentration might produce a response of some kind as a result 
of the mere change in the condition and not in direct nutritional relation- 
ship to the magnitude of the factor. 

It may be noted that in this definition the conditions are limited to 
those external to the plant, and to vital conditions, that is, those that 
affect the life of the plant. There may be external conditions as, for 
example, the concentration of various inert gases in the atmosphere 
surrounding a plant, which have no effect on it. Changes in the value of 
these can have no influence on any plant process and so cannot act as 
stimuli. With regard to the limitation of stimuli to changes in external 
conditions, we are, however, faced with a difficulty, for there is no logical 
reason for differentiating between external and internal conditions in 
this matter. Thus concentration of chlorophyll, an internal factor, may 
be as important a factor for photosynthesis as intensity of illumination, 
an external one, and similarly changes in such an internal factor might 
act as a stimulus just as do changes in an external factor. The difficulty 
arises from the fact that the organism is in a state of continual change, 
which is summed up in the word development, and consequently can be 
regarded as in a state of continued stimulation from within. The limita- 
tion of stimuli to changes in external conditions is thus a practical one, 
but it is possible that in certain cases internal stimuli, as, for example, 
change in the concentration of a cell constituent, might be recognizable. 

Stimuli possess certain characteristics. In the first place, since stimuli 
consist in changes in vital external conditions, they can, theoretically at 
any rate, be of as many kinds as there are such conditions. There are thus 
stimuli due to changes in illumination, temperature, pressure, composi- 
tion of the external medium, electrical conditions and so on. Secondly, a 
stimulus may be positive or negative, that is, it may consist of an increase 
in the value of a condition or a decrease in its value. Thirdly, the stimulus 
may be directional or equally diffused all round the plant or plant organ. 
Stimuli may be characterized fourthly by their intensities, and fifthly by 
the length of time over which they act. Sixthly, there is the question of 
the nature of the response. Next, the response to the stimulus generally 
takes some time to become manifest, and hence it can be assumed that 
the stimulus gives rise to a chain of reactions which follow a definite 
course. Lastly, the seat of the visible response may not be the same as the 
place stimulated, and hence a conduction of stimulation, or rather of the 
excitation, that is, of change in the tissues, through the plant may take 
place. These various characteristics of stimuli will now be dealt with in 
more detail. 


KINDS OF STIMULI 

There are a number of conditions of the environment which are 
necessary to the life of every plant, or to one or other of certain groups 
of plants. These include carbon dioxide, oxygen, various mineral sub- 
stances, light, a certain range of temperature, and a certain range of 
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osmotic pressure of the aqueous surroundings. We also know that gravity 
constitutes a vital factor in the life of the plant. Apart from these essential 
conditions, others may influence plant processes. Thus many substances 
without which a plant can grow normally can nevertheless influence its 
growth. Electrical conditions also can influence the growth of plants. 
Wounding the tissues of a plant may also act as a stimulus. It is thus 
possible to distinquish a number of different kinds of stimuli, of which 
the most important for the student of plant physiology arc the following: 

1. Gravitational. Here the pull of gravity in relation to the plant 
undergoes a change (produced actually by changes in the position of 
the plant organ). The response practically always has the effect of bring- 
ing the stimulated plant organ into the same relation to the direction of 
the gravitational pull as it occupied before stimulation took place. 

2. Photic. Stimulation produced by change in illumination may 
result from change in the intensity of the light or from changes in its 
composition. Moreover, a change in the intensity of light of one wave- 
length may produce a different response from the same intensity change 
of light with a different wave-length. 

3. Thermic. Marked response to changes in temperature has been 
observed with a few plants, but in general temperature appears to play 
a much smaller part as a stimulus than light and gravity. 

4. Chemical. Many chemical substances have been observed to act as 
plant stimuli, and in particular these appear normally to play a part in 
the life of free-moving cells in lower plants. The movement of the sperma- 
tozoids of mosses towards a higher concentration of sugar, and those of 
ferns towards a higher concentration of malic acid, arc the best known 
of such responses. 

5. Contact. The response of certain plant organs to contact, as in the 
case of the tendril that coils round a support, presents perhaps one of the 
most remarkable types of stimulation. Although it involves a change in 
the composition of the external medium, the contact stimulus appears 
to be quite different from chemical stimuli. Stimulation by contact only 
results when the organ comes into contact with a solid support; it is not 
effected by contact with liquid or gases and thus is not induced by a jet 
of water, by rain, or by wind. 

6. Shock. On the other hand, stimulation can result in a number of 
cases by the application of sudden pressure, such as that of a blow, and 
unlike the case of contact irritability, the pressure of liquid or gas is also 
effective in producing a response. Irritability to such stimulation is said 
to be seismonic, and the plant or organ is said to be sensitive to shock. 

7. Electrical. While animal physiologists have investigated in great 
detail the stimulus produced by changes in the electrical conditions of 
the environment, not much is known about the response of plants to such 
changes. It is highly probable, however, that such effects exist and may 
be of biological significance. 
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POSITIVE AND NEGATIVE STIMULATION 

It is usual to think of stimuli as positive, that is, as consisting in an 
increase in the value of the condition, but a stimulus can equally well be 
negative. To take a specific example, an increase in temperature can 
bring about the opening of the flowers of tulip and crocus, but a fall in 
temperature can bring about the closing of an open flower. Similarly 
with other stimuli, a decrease in value can bring about a response just 
as much as can an increase in the value of the condition. 

DIRECTIONAL AND DIFFUSE STIMULI 

The vast majority of stimuli that have been investigated in plant 
physiology produce a response that involves movement or, at any rate, 
curvature of the stimulated organ. Such movements or curvatures are 
differentiated into tropic and nastic , according as the stimulus is uni- 
lateral, that is, directional, as when a plant or organ is illuminated on 
one side, or diffuse, as when the light intensity is uniformly increased Or 
diminished all round the plant or organ. Thus a curvature of a shoot 
towards the more illuminated side is a phototropic curvature, while the 
opening or closing of flowers with change of light intensity all round is a 
photonastic one. 

INTENSITY OF STIMULATION 

Provided the time of action and other conditions are constant, the 
response depends, within limits, on the intensity of the stimulus. With 
most stimuli a measurable response is only observable when the intensity 
of stimulation reaches a certain value. This value of the stimulus neces- 
sary to produce a minimum observable response is termed the threshold 
value of the stimulus. With higher values of the intensity of the stimulus 
the response increases until a maximum value of the stimulus is reached 
above which no further increase in the response is produced. The term 
sub-threshold, sub-maximal and super-maximal are applied to values of 
the stimulus which are respectively below the threshold value, above the 
threshold value but below the maximal value, and above the maximal 
value. 

It will be observed that the threshold value must to a certain extent 
be an arbitrary quantity, since it will depend on the sensitivity of the 
instrument used to determine the response. Thus, if the response takes 
the form of an increase in length, a smaller response is measurable with 
the microscope than with the naked eye. 

Many attempts have been made to determine the relationship be- 
tween the values of the stimulus and the response over the range of sub- 
maximal values of the stimulus. The law evolved from these attempts is 
generally spoken of as the Weber-Fechner law, after Weber, who enun- 
ciated it first in regard to the sense of touch, and Fechner, who extended 
it to include all the special senses. Pfeffer appears to have been the first 
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to extend it to plants, which he did in 1888 in regard to the response of 
bacteria, flagellates and Volvocineae to chemical stimuli. 

The Weber-Fechner law may be simply stated. It is, that the response 
varies with the logarithm of the intensity of the stimulus. While it is no 
doubt true that this law is often approximately correct, it can at best 
only hold over a limited range between the threshold and maximum 
values of the stimulus, while it is equally true that in other instances it 
is not a correct statement of the relation between intensity of stimulus 
and response even over this range. According to Verworn, such a law of 
general application cannot be formulated in mathematical terms, and 
the law which holds for many living systems cannot be more exactly 
expressed than by the following statement: ‘with increase of the intensity 
of stimulation the response at first increases rapidly and later more and 
more slowly’. 

There are, moreover, some cases in which, provided a response takes 
place at all, the latter is constant whatever the value of the stimulus. 
Or, put in another way, when the threshold value is reached the maxi- 
mum response takes place. Such cases are said to obey the ‘all or 
none law’. 


THE PERIOD OF STIMULATION 

With a stimulus of definite intensity, the magnitude of the response 
is dependent on the length of time during which the stimulus is applied. 
Just as below the threshold value the stimulus produces no obvious 
response, so, if the stimulus acts for less than a certain minimum time 
there is no measurable response. This minimum time which is necessary 
to produce a perceptible response is termed the presentation time. Like the 
threshold value of the stimulus, and for the same reason, the presentation 
time must to a certain extent be an arbitrary value depending on thq 
means employed to determine it. 

Generally speaking, with increase in the intensity of the stimulus 
the presentation time is lessened, and also with increase in the period of 
stimulation the threshold value is lessened. Consequently the question 
arises whether the amount of stimulation, which would be measured by 
the product of the intensity of the stimulus and the period of stimulation, 
does not give a more reasonable quantity to consider in relation to the 
response to stimulation rather than either the intensity or period of 
stimulation. With phototropic reactions this is definitely so, and in all 
recent researches on the question it is the quantity of light rather than 
either the intensity or period of stimulation that has been measured. 

Since the very essence of stimulation is a change in conditions, it 
follows that a change long continued ceases to be a stimulus. Unless the 
stimulus is of such a kind as to lead to the death of the tissue if con- 
tinued for too long a period, prolonged stimulation must simply lead to a 
fresh position of equilibrium. The consideration of two particular cases 
will make this point clear. A short exposure of, say, 80 minutes, of resting 
buds of lilac to hydrocyanic vapour in a certain concentration, acts as a 
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stimulus and leads to their premature unfolding, but prolonged exposure 
to the same vapour kills the buds. Here we have a case of prolonged 
stimulation bringing about the death of the tissue. But if a stem growing 
vertically is exposed to unilateral light the stem may execute a growth 
curvature by means of which the axis of the stem apex comes to lie in the 
direction of the incident light. If the unilateral lighting is prolonged no 
further curvature is executed and the stem apex continues to grow in the 
same direction, a new state of equilibrium, as regards rate and direction 
of growth, having been reached. Thus any proportionality between 
period of stimulation and magnitude of response can clearly hold only 
within certain limits. 

If after stimulation a sufficient time is allowed to elapse, the plant 
organ may again be stimulated in the same way and the same response 
result. If, however, the time between successive stimuli is reduced below 
a certain amount, the response to the second stimulation will be less than 
that to the first. And if a series of stimulations are given to a plant or 
plant organ with insufficient time for recovery between the successive 
stimulations, no response at all may result and the tissues concerned are 
said to be in a state of fatigue. 


THE NATURE OF THE RESPONSE 

It was realized as long ago as 1826 by Johannes Muller that by what- 
ever kind of stimulus a muscle is stimulated, it reacts in the same way, 
and later he formulated in regard to sensory structures the so-called law 
of specific energy according to which the same factor produces different 
sensations in the different senses, and different factors produce the same 
sensation in any one sense. This law may be extended to stimuli in 
general, for the response depends on the nature of the cell or tissue stimu- 
lated, and not on the kind of stimulus. Thus both unilateral light and 
chemical influences bring about the same kind of response, namely move- 
ment, in many unicellular organisms, while the stimuli of gravity and 
unilateral illumination both produce similar curvatures in roots and 
stems, where the response to stimuli of either kind manifests itself as 
change in growth rate. 

As pointed out in 1858 by Virchow, the effects of stimulation are 
essentially of three kinds: (1) functional, in which the response simply 
affects a functional process, as when the sole effect of the stimulus is to 
increase the respiration rate; (2) nutritive, in which the response to the 
stimulus takes the form of a changed rate of nutrition; and (8) formative, 
in which the response is a change in form. These different actions are not 
necessarily independent, for an increase in respiratory activity may be 
linked with an increased rate of nutrition, while changes in form are 
generally dependent on changes in growth rate over the whole or part of 
an organ, and this change in rate of growth may depend on a changed 
rate of nutrition and be correlated with an alteration in respiratory 
activity. 
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The responses of plants to stimuli that have formed the chief subjects 
of investigation belong chiefly to the first and third categories. The move- 
ment of motile organisms in response to stimuli appear, as far as can 
be determined at present, to involve merely a change in function, while 
the same appears to be so with many of the nastic movements exhibited 
by multicellular plants as well as many of the responses to scismonic 
stimuli, such as the movements of leaves of Mimosa pudica and those 
of irritable stamens where the movements are often due to changes in 
turgor of a cell or group of cells. The tropic curvatures produced in the 
higher plants by unilateral stimuli are nearly all brought about by 
changes in growth rate and involve permanent changes in form, and 
thus belong to the third category. 

While it so happens that almost all work on irritability in plants has 
dealt with movements or curvature, it is not to be assumed that all 
stimulation of plant material brings about this kind of response. The 
addition of certain chemical substances to the environment may bring 
about a change in respiratory activity, while it seems more than likely 
that the effect of light in bringing about the germination of Lythrum 
salicaria is in the nature of a stimulus. The action of certain of the rays 
given off by radium preparations may, according to the observations of 
Molisch, further germination of seeds, the opening of dormant buds and 
the growth of plants, and the action may be that of a stimulus. 

It has already been noted that the responses to unilateral stimuli 
which result in movement or curvature are spoken of as tropisms or 
tropic movements and curvatures. When the organisms are free to move, 
as in the case of unicellular plants such as Chlamydomonas , and the 
spermatozoids of mosses and ferns, the suffixes ‘taxis’ and ‘tactic’ are 
generally used instead of ‘tropism’ and ‘tropic’. Thus the movement of 
moss spermatozoids towards a more concentrated solution of sugar is a 
hemotactic movement and an example of ehemotaxis. 


THE LATENT TIME 

The observable response to stimulation rarely takes place at once; 
usually a measurable time elapses between the time of stimulation and 
the time of response. This time is called the latent time or reaction time; 
it may vary from a fraction of a second as in some nastic and shock 
movements to several hours as in some tropic curvatures. The phe- 
nomenon indicates that a chain of reactions is involved in stimulation 
requiring time for their operation. That such must be so is obvious in 
curvatures depending on different rates of growth on two sides of an 
organ, where obviously a series of events must be involved between the 
time when, for instance, light falls on the organ and the time when the 
resultant differential growth rates begin. 

The latent time varies with the intensity of stimulation, the period 

of stimulation and the external conditions. 

* 

The question arises, what do we know of the scries of changes taking 
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place between the perception of the stimulus and the response? Here 
our ignorance of the facts is often almost complete, although certain 
hypotheses have been put forward. Thus, in stimulation by an electric 
current, Nernst suggested that the first change produced in the cells is an 
alteration in ionic concentration at the plasmatic surface. According to 
Verworn, the first effect of stimulation is very generally to increase the 
rate of dissimilative processes. In the vast majority of plants, as we have 
seen, the chief characteristic of dissimilation is the process known as 
respiration which results, with intake of oxygen, in the formation of 
carbon dioxide and water. Now this, as we have already seen, releases 
energy previously existing as chemical energy in the substances, carbo- 
hydrates and fats for the most part, from which the carbon of the evolved 
carbon dioxide is obtained. Hence, we can understand how it is that the 
energy transformation in the response bears no relation to the energy 
involved in the stimulation, for the latter is merely a mechanism releas- 
ing the energy contained in the substances utilized in the increased 
respiratory activity which the stimulus induces. Also it can be seen why 
irritability in aerobic organisms decreases with lessening of the oxygen 
concentration, for the energy provided by anaerobic respiration is only a 
small fraction of that provided by the same amount of substrate when 
respired aerobically. 

The way in which energy released as a result of increase in dissimila- 
tion brought about by a stimulus is utilized depends on the nature of the 
particular cell or organ stimulated. It may lead ultimately to altered 
growth rate or only to turgor changes. 

TONUS AND RIGOR 

The sensitivity of a plant or plant organ to a stimulus varies with 
internal conditions in the plant; conditions which are generally undefined. 
Thus after a plant or organ has been subjected to one set of external 
conditions its response to a definite light stimulus may be more rapid 
and greater than that of a similar shoot which has been subjected to a 
different set of conditions, and which have resulted in different conditions 
being set up inside the plant. These unknown internal conditions which 
determine the sensitivity of the plant organ are referred to as tonus or 
tone , and as the plant or organ loses tone it responds less readily to stimu- 
lation until with the loss of all tone it is in a state of rigor in which it does 
not respond at all. 

In some cases it is known that certain external conditions can affect 
the tone of a plant. Thus the movement exhibited by many leaves in 
response to stimuli of various kinds depends on the leaves receiving a 
certain amount of light, for with continued maintenance in darkness the 
power of response is progressively lessened and finally disappears. Leaves 
which, owing to their exposure to sufficient light, can respond to stimu- 
lation, are said to be in a condition of phototonus , while leaves which have 
lost their power of response owing to absence of light are said to be in a 
state of dark-rigor. 
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CONDUCTION OF EXCITATION 

Frequently, although not invariably, the seat of the response is at 
a greater or less distance from the part stimulated. The latter has some- 
times been called the seat of perception or sensory part in contrast to 
the seat of response, or, where movement or curvature is involved, the 
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MOVEMENT IN PLANTS 

From what has been stated in the last chapter regarding the general 
principles of irritability it will be clear that the response to stimulation 
may take place in various ways. The result may be merely an increase in 
respiration rate, or it may be increased rate of growth. But very frequently 
stimulation of a plant or plant organ results in movement, and it will 
therefore not be out of place to discuss here the phenomena of movement 
in plants. 

In some small aquatic plants the power of movement is obvious. As 
examples may be cited some unicellular algae such as Chlamydomonas, 
and the zoospores and antherozoids of a large number of species. Here 
active locomotion takes place owing to the possession by the plant, zoo- 
spore or gamete of cilia, by the active movement of which in water the 
whole cell is propelled. In other plants, notably the Myxomycetes, move- 
ment of a different kind, known as ‘amoeboid movement’, occurs. Here, 
owing to the absence of a cell-wall, the naked protoplasm can undergo 
changes of shape, and when such changes proceed continually a kind of 
creeping movement of the protoplasm results, by means of which the 
plasmodium may slowly traverse relatively considerable distances. 

In rooted plants the most obvious movements are perhaps those 
performed by the petals in the opening and closing of flowers. Some 
flowers open and close only once; other flowers may open every morning 
and close every evening over a period of several or many days, while 
in a few the opening may be at night and the closure in the morning, 
or the flowers may open and close many times during the day if external 
conditions fluctuate. Similar behaviour is observed in the so-called ‘sleep’ 
movements of some leaves, such as those of Trifolium , Oxalis and 
Marsilia. Other well-known cases of movement arc those of the leaves 
of some plants when stimulated by a sudden blow. The best known of 
these is provided by the sensitive plant Mimosa , in which, as a result 
of a blow or some other stimulus, the petiole, as if hinged at the pulvinus, 
falls through a considerable angle, and the opposite pairs of leaflets close 
together. Sensitive stamens, which exhibit a jerking movement on being 
touched, afford other well-known instances of obvious movements in 
higher plants. Such movements generally result from changes in turgor, 
and hence in size, of certain cells. 

Apart from these more obvious types of movement it has been urged 
that the root and shoot tips of every vascular plant move in space as the 
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plant grows. It is no doubt true that the stem and root apices may be 
regarded as moving onwards as the plant grows, but even if the material 
in apical tissues remained the same, which can only partially be so, the 
movement of the tip is due to its being pushed forward by increase in the 
size of the cells behind the tip. Similarly, the curvatures produced in roots 
and shoots when these are stimulated by exposure to unilateral light or 
by other means are the results of unequal growth of cells on two sides of 
the organ, and are thus not very appropriately described as movements. 
It is, however, often convenient to use one word for all these allied phe- 
nomena, and for this reason we use the word movement to include growth 
curvatures. 

It may be true that internal movements take place in all living cells, 
and in many a streaming of the protoplasm is readily observable; in other 
cells it seems likely that the protoplasts may be capable of executing 
amoeboid movements similar to those observed in the plasmodia of 
Myxomycetes. 

It will thus depend on the nature of the organ or organism stimulated 
whether it responds by active locomotory movement, by changes in cell 
turgor, or by a growth curvature. The free-swimming ciliated zoospore 
or gamete will respond by active movement, the leaf of Trifolium or 
Mimosa by a change in turgor, and the majority of stems and roots by 
different rates of growth on the two sides of the organ resulting in curva- 
ture of the organ. It is possible in some instances that both turgor changes 
and differential rates of growth may occur in cells of the same organ as a, 
result of stimulation. 

* The movements met with in plants fall mainly, then, into four types 
according to the mechanism involved. These are (a) active locomotion in 
water brought about by the action of cilia, ( b ) amoeboid movement, 
(c) movements due to changes in turgor of cells, and ( d ) movements or 
curvatures connected with the growth of cells. Little is known with 
regard to the first two types of movement. All plant cells with the power 
of active movement possess cilia. These are fine hair-like out-growths of 
protoplasm which are distributed in very varied ways over the surface 
of the cell, varying from one in the zoospores of Synchitrium to a large 
number distributed over the whole surface in the zoospores of Vaucheria , 
although a pair inserted at the anterior end constitutes the most usual 
arrangement. The movement of the organism is effected by the vibratory 
or twisting motion of these cilia and usually involves the rotation of the 
organism on an axis in the direction of movement. 

Amoeboid movement occurs chiefly in the plasmodia of Myxomy- 
cetes, but it is also exhibited by a few algal and fungal zoospores, while 
changes which take place in the shape of some nuclei, notably those of 
pollen tubes, appear to be attributable to slow movements of the same 
kind. Amoeboid movement has been attributed to the contractility of 
the protoplasm, to local changes in the extent of imbibitional swelling, 
and to local changes in surface tension, but the actual mechanism is still 
not clear./ 



500 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

The internal streaming movement of protoplasm is very marked in 
certain cells, such as the leaf cells of Elodea, the internodes of Chara and 
Niiella and the staminal hairs of Tradescantia, but in many cells no 
streaming is observable. The streaming may serve the function of trans- 
porting material from one part of the cell to another, for various cell 
inclusions such as starch grains, fat globules, plastids and even the 
nucleus may be carried in the moving cytoplasm. While a number of 
attempts have been made at explaining the movement, as, for example, 
that it is brought about by surface tension changes in the inner plasmatic 
membrane, there is not at present evidence to justify the acceptance of 
any theories of protoplasmic movement. The highest recorded rate of 
protoplasmic streaming appears to be 10 mm. per minute observed by 
Hofmeister in Didymium serpula, one of the Myxomycetes, whereas, 
according to the same observer, the rate of movement in Potamogeton 
crispus is only 0-009 mm. per minute. The rate of movement is, however, 
influenced by temperature, various chemical substances and the stage of 
development of the cell. 

A curious type of movement is met with in the Diatomaceae, Oscil- 
lariae and Dcsmidaceae. It is termed gliding movement, the organisms 
moving slowly over a solid surface although they possess the power 
neither of locomotion by means of cilia nor of amoeboid movement. In 
the Oscillariac the gliding movement is combined with a rotatory move- 
ment around the long axis. 

The movement of diatoms is due, according to O. Muller, to the 
presence outside the cells of a thin layer of cytoplasm continuous through 
pores in the wall with the internal cytoplasm, the whole being in con- 
tinuous streaming movement. On account of the friction produced 
between the external moving protoplasm and the solid surface a move- 
ment of the diatom in a direction opposite to that of the external 
cytoplasm results. No external layer of cytoplasm has been observed in 
the Oscillariae and it is not known whether the power of movement 
results from excretion of mucilage with which the filaments are covered, 
from surface tension changes or from some other cause, but Klebs con- 
sidered the movements of desmids to be brought about by the excretion 
of mucilage. 

Movements brought about by a change in turgor of certain cells are 
usually reversible, since the turgor changes themselves are reversible. 
They depend in part on the elasticity of the cell-wall. When the cell 
loses water, if the cell- wall is clastic the cell contracts; if water is again 
absorbed and the turgor pressure of the cell increases the cell- wall is again 
stretched and the cell expands. The changes in volume so produced bring 
about the movement of the type we are considering. In the stamens of 
plants of the sub-family Cynareae, which are stimulated by contact with 
a solid body, the effect of stimulation is to produce a sudden fall in 
turgor of the cells of the filament, water passing from the cells into the 
intercellular spaces. The filaments in this way may contract to 80 per 
cent, of their former length. 
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Perhaps the most frequent examples of movement brought about in 
this way are provided by leaves and leaflets in which turgor changes take 
place in the cells of the pulvini. In Mimosa pudica , for example, the 
sudden fall of the leaf is mainly due to loss of water, and consequently 
turgor, by the cells of the lower parts of the pulvinus. The resulting 
shrinkage of these cells, combined with the weight of the leaf and the 
elasticity of the walls of the cells of the upper part of the pulvinus, brings 
about the fall of the petiole. The water lost by the cells of the lower part 
of the pulvinus passes into the intercellular spaces and neighbouring cells; 
on the re-absorption of this water by the cells of the lower part of the 
pulvinus, their turgidity is gradually regained and the leaf resumes its 
normal position.* 

Growth curvatures are very familiar results of stimulation. In this 
type of so-called movement the rate of growth of the cells in the growing 
region is affected to a different extent in different parts of the organ. This 
differential rate of growth on two sides of an organ may be brought about 
by an increase in the rate of growth on the more rapidly growing side or 
by a decrease in the growth rate on the less rapidly growing side, or by a 
combination of both these. In growth curvatures the cells concerned are 
those undergoing extension and we may therefore suppose that one effect 
of stimulation is to produce differential turgor changes on the two sides 
of the organ, so that the cells on the one side extend at a greater rate than 
those on the other and the cell-walls are more stretched as a result, a 
considerable proportion of the extension being of the nature of plastic 
growth and therefore irreversible. 

Although it is very general for stimulation of plant organs to result in 
movement or curvature, such also occur without any apparent change in 
external conditions. Where movements (or curvatures) take place under 
apparently constant external conditions it is usual to speak of them as 
autonomic, autogenic or spontaneous, and to regard them as arising from 
internal changes, that is, by the action of internal stimuli. They are thus 
contrasted with the more readily investigated movements which are 
produced by external stimuli and which are referred to as induced, 
aitiogenic or paratonic. The most familiar of autonomic movements are 
the nutation movements executed by the stem apices of plants, which 
teach their greatest development in climbing plants. The stem apex does 
not grow vertically upwards, but executes a spiral course in space owing 
to the position of the most rapidly elongating region moving continuously 
round the stem. 

Other autonomic movements are the so-called variation movements 
of leaflets which are most pronounced in two leguminous plants, Des- 
modium gyrans and Eleiotis soraria , but which occur also in Oxalis 
acetosella and Trifolium pratense and some other plants. In these plants 
some or all of the leaflets execute more or less continuous movements. In 
Desmodium and Eleiotis these movements are such that the apex of each 
of the two basal leaflets moves through an ellipse, while in Oxalis and 
Trifolium the leaflets move to and fro through an angle of varying 
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magnitude. Here the movements are brought about by rhythmic changes 
in turgor of a group of cells at the base of the leaflet stalk. 

The opening of both leaf and flower buds involves the parts in move- 
ments which are often not brought about by external stimulation. These 
movements are largely of the nature of curvatures, due to the unequal 
growth on two sides of the organ. In contrast to the variation movements 
already mentioned they mostly occur only once and so are termed 
ephemeral. A sort of transition between the two types of movement is met 
with in those flowers which open and close more than once. It will be 
noticed that such movements are not necessarily autonomic; changes 
in light and temperature may in some cases be very effective stimuli in 
inducing these movements. 

The movements of the cilia which bring about the locomotion of free- 
swimming organs are generally regarded as autonomic, for they continue 
in apparently unchanged external conditions. As we shall see later, the 
direction of movement can be determined by external stimuli, just as the 
direction of movement of a nutating stem apex can be affected by an 
external stimulus as, for example, the direction of light. Even under 
constant external conditions the direction of movement may change or 
movement may even stop. 

As regards external stimuli, it has already been pointed out that these 
may be directional or diffuse, and that the movements resulting from 
them are described respectively as tropic and nastic. The chief tropic 
movements are those related to a change in the direction of the action of 
gravity relative to the plant or organ, and those related to the incident 
light. The phenomena of movement concerned with these two kinds of 
stimulation are grouped under the terms geotropism and phototropism 
respectively. Other tropic stimuli are provided by various chemical 
agents, by water content, osmotic pressure, contact with a solid body, 
and electrical conditions, and the corresponding terms chemotropism, 
hydrotropism, osmotropism, haptotropism (or thigmotropism) and gal- 
vanotropism are used to indicate the phenomena displayed by the 
reacting tissues in response to these various stimuli. As regards nastic 
phenomena, the most important are photonastic movements, those 
produced by a general uniform change in light intensity round the plant, 
but thermonastic and hydronastic curvatures are not uncommon. 
Mechanical disturbances, such as shaking or blows, often act as stimuli, 
but it is generally difficult to classify any of the effects as tropic. Where 
striking the organ on one side results in a curvature, the direction of 
which depends on the side struck, a tropic phenomenon is undoubtedly 
involved, but generally the movements resulting from such seismonic 
stimulation, as it is called, are not related to direction, and cannot 
therefore be regarded as tropic. In tropic stimulation the organ responds 
by taking up a position related to the direction of the stimulus. Generally 
with seismonic irritability, on the other hand, as, for example, when 
leaves of the sensitive plant ( Mimosa pudiea) are struck, the position 
taken up depends on the structure of the leaf and is unaffected by the 
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direction of the blow. The phenomenon has thus much in common with 
nastic stimulation, for nothing directional in the stimulus appears to be 
transmitted to the responding organ. It would thus appear to be not 
altogether illogical to classify seismonic stimulation along with nastic 
phenomena. 

The terms epinasty and hyponasty were introduced by de Vries to 
express the more rapid growth of the upper or under side respectively of 
a dorsiventral organ. Thus, in the development of many leaves these, 
while in the bud, exhibit hyponastic curvature, but as the buds expand 
the upper side may grow more rapidly than the lower so that the amount 
of growth on the two sides becomes equal. Not infrequently, and notably 
in ferns, the upper side may finally attain a greater length than the under 
side, so that an epinastic curvature results. There is no need to limit the 
terms to the case of dorsiventral organs, and epinastic and hyponastic 
curvatures can be observed in hypocotyls and epicotyls, stems, roots, 
flower stalks and so on. The terms are, perhaps, not too fortunate in 
suggesting a connexion with nastic curvature, for although this is quite 
frequently the case, it is not necessarily so, and we find Pfeffer, for 
example, speaking of ‘autogenic epinasty’. 

The term autotropism requires some explanation. This expression 
refers to the fact that, apart from the effect of external stimuli, various 
organs of the plant take up a definite position in relation to the main axis 
or to one another. Thus, when the action of gravity is eliminated, lateral 
roots of the first order, that is, those borne on the main root, mostly 
grow out at right angles to the main root, while lateral roots of a higher 
order, which are generally without geotropic irritability, grow out at 
definite angles to the root which bears them. Autotropism is supposed to 
come into play when, as a result of strong stimulation by light or gravity, 
so great a curvature takes place that the organ passes its normal position 
relative to the direction of the light or of gravity, as the case may be. An 
autotropic curvature then supervenes, bringing the organ back to its 
normal position. This behaviour is illustrated by the diagrams in Fig. 51, 
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Fio. 51. — Diagrams to represent the course of response of a shoot to geotropic stimulation. 
Successive stages are numbered 1 to 5 

(After J. v. Sachs) 

which represent the behaviour of a shoot strongly stimulated geotropic- 
ally. The shoot, having been placed horizontally, executes a geotropic 
curvature, but this is so great that the apical part of the shoot passes the 
33 
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vertical position. A growth curvature then takes place in the opposite 
direction so that finally the shoot apex is directed vertically, sometimes 
after a number of oscillations. Again, let us suppose a seedling plant is 
slowly rotated in the dark in a vertical plane so as to eliminate the action 
of gravity. The shoot then grows in a straight line unrelated to the 
direction of the gravitational pull. If now the rotation is stopped and the 
plant is left for a time with its axis making an angle with the vertical, the 
stem performs a geotropic curvature. If the rotation is now recommenced 
before the curvature is too pronounced it will be found that the curvature 
disappears, owing to more rapid growth on the concave side of the shoot. 
This straightening out of the shoot is attributed to autotropism. This is, 
perhaps, a better example of autotropism than the former, since there is 
here no question of gravitational action in the second curvature. The 
state of affairs was summed up by Pfeffer by saying that ‘every dis- 
turbance in equilibrium excites reactions which tend to its restoration’. 
Rectipetality, the resumption of the original direction of an organ after a 
curvature induced by an external stimulus which is no longer operative, 
is thus another name for autotropism. 

The same directional stimulus that leads to active movement in a 
definite direction of a free swimming organism will lead to curvature, or 
sometimes to a twisting or torsion, of an organ of a rooted plant. While 
all such movements may be termed tropic, using the word in its wide 
sense, the locomotory movements of free swimming organisms, as 
mentioned previously, are often termed tactic, and the special tropism a 
taxis. Thus the movements of zoospores in relation to the direction of 
the incident light are described as phototactic, and the phenomenon of 
such movement as phototaxis. Similarly where a torsion, rather than a 
curvature, results from, say, the stimulation of gravity, the term 
geotorsion is sometimes used to denote this special type of geotropism. 

It does not follow that a plant movement is due to a single stimulus. 
A curvature may be tropic or nastic, or it may be the result of both tropic 
and nastic effects, while, as we have seen, movements may involve both 
geotropic or phototropic curvatures and autotropic curvature. It is also 
possible that a curvature may be partly due to growth and partly to 
turgor changes. It is thus evident that careful analysis may be necessary 
to determine the actual causes of a particular movement. 

In the chapters which follow, the autonomous movements attributed 
to internal stimulation will first be dealt with and then the effects of the. 
various external stimuli will be considered. 



CHAPTER XXI 


AUTONOMIC MOVEMENTS 

In the investigation of plant movements which cannot be related to 
changes in the external conditions, and which are therefore considered 
to be brought about by changes inside the plant, we are at once con- 
fronted by a very great difficulty, namely, that of ensuring perfectly 
uniform conditions of life. And even if we ensure a uniform environment 
over a certain period of time, there is still the possibility that movements 
observed during that period may result from external changes which 
occurred earlier in the plant’s history, for, as we have seen, the visible 
response to a stimulus may not appear until some time after the actual 
stimulation. There is also the possibility of unsuspected factors being 
operative. Thus, for example, in what appeared to be a uniform climatic 
environment electrical conditions, such as conductivity of the atmos- 
phere, might undergo a change, and it cannot be assumed without actual 
proof that any factor has no influence or that a change in its value cannot 
act as a stimulus. Thus the movement of the leaves of Phaseolus vulgaris, 
originally supposed to be related to light intensity, inasmuch as the 
leaves tended to fall at night and rise in the morning, were shown by 
Rose Stoppel to bear no obvious relation to change in light intensity, and 
she thought they were brought about by the stimulation of change in the 
ionization of the air. Subsequent workers have shown this explanation to 
be unlikely, but the example indicates the possibility of overlooking a 
change in an environmental factor. 

The chief kinds of autonomic movements in plants have been men- 
tioned in the previous chapter. They are nutation, or circumnutation, of 
stems, the variation movements of certain leaves and the general 
movement of free swimming forms. With the last it is not proposed to 
deal further, but the phenomena of nutation and autonomic variation 
movements call for further treatment. 

NUTATION 

The most important series of observations on nutation were carried 
out by Charles Darwin and published in his books on Climbing Plants 
and The Power of Movement in Plants. While the phenomenon is most 
pronounced in stems, and especially in those of climbing plants, it is also 
met with in other organs, such as leaves, particularly tendrils, roots, 
stolons, flower stalks, filamentous algae and fungal sporangiophores, 
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although often only to a slight extent. Indeed, Darwin affirmed that all 
the organs of every plant while they continue to grow are continually 
nutating. He made many observations on nutation in seedlings, using 
species from 29 families, and from these observations it appears that 
nutation commences very early in the life of the plant. Nutation of the 
radicle commences as soon as it protrudes through the seed coat, while 
the hypocotyl or cpicotyl nutates even before it has completely pene- 
trated through the soil and while still arched. The course taken by the 
growing apex may at first be very irregular, but in the shoot this becomes 
more regular as the seedling develops, while the amplitude of the move- 
ment generally increases. Thus in the hop ( Humulus lupulus) Darwin in 
his earlier work on Climbing Plants describes the first two or three 
internodes as remaining straight, although from his later work on seed- 
lings we must interpret this as meaning that their nutatory movement is 
slight. The next internode, however, commences to nutate very definitely 
and, moving slowly at first, increases its speed, and the normal full rate 
of movement is soon reached. As long as growth continues so does the 
nutation, although after a time each internode in turn becomes still.' 

It is very general for the nutation in all members of one particular 
species to take place in the same direction. Thus, the hop, black bryony 
( Tamus communis) and Scyphanthus elegans move in the same direction 
as the sun, whereas the majority of twining plants move in the opposite 
direction. Among such are the ferns Lygodium scandens and L. articul- 
atum, the monocotyledons Ruscus androgynus. Asparagus sp. and Rox- 
burghia viridifolia, and the dicotyledons Wistaria chinensis, Phaseolus 
vulgaris, Jasminum pauciflorum, Thunbergia alata and Convolvulus 
sepium. In a few species the movements are variable; thus, of 17 plants of 
Loasa aurantiaca Darwin found that five followed the sun, eight revolved 
against the sun, while in the remaining four the course of revolution was 
first in one direction and then in another. As a general rule, however, all 
the plants in one family revolve in the same direction, although there are 
exceptions to this. 

Both the amplitude of the nutating movement and its rapidity vary 
greatly in different species, the amplitude being much greater in twining 
than in non-twining plants. Darwin records a case of Ceropegia gardnerii, 
a member of the Asclepiadaceac, in which the extreme tip performed a 
circle 62 inches (1*575 metres) in diameter. At the other extreme is the 
cactus Cereus speciocissimus, in which the extreme amplitude of the 
movement was less than 0*05 inch (1*27 mm.). The rapidity of move- 
ment, on the other hand, may be as great in non-twiners as in twiners, 
but in all species it is influenced by external conditions and may dis- 
play considerable variations even when external conditions appear to be 
constant. Average times taken by plants of different species to make a 
single complete revolution, as observed by Darwin, are shown in Table 
XCIII. The most rapidly nutating stem observed by Darwin was that of 
a plant of Scyphanthus elegans, which made one revolution in 1 hour 17 
minutes. 
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Table XCIII 

Approximate Average Time taken by Nutating Plants of 
Various Species to make one Complete Revolution 

Species Time in hours 

Lygodium scandens ... 6 

Ruscus androgynus ... 3 

Tamus communis ... 3 

Lapagcra rosea . . . .14 

Roxburghia viridifolia . . .24 

llumulus lupulus ... 2 

Wistaria chinensis ... 3 

Phaseolus vulgaris ... 2 

Jasminum paucijlorum. . . 7 

The length of stem and number of internodes taking part in the 
nutating movement also varies from one species to another. In seedlings 
and small plants only a centimetre or so of the stem may nutate, involv- 
ing only a single internode, whereas in Iloya carnosa Darwin observed a 
length of shoot equal to 32 inches (81 cm.) and involving seven internodes, 
nutating. 

According to Darwin’s observations, nutation is also executed by 
tendrils; indeed, in Passijlora gracilis the average rate of six revolutions 
was 1 hour 1 minute a revolution, a rate higher than that observed in any 
stem. 

The nutating movement of stems, as we have seen, is due to the 
continuous shifting of the position of most rapid growth round the stem. 
Why this shifting should occur is not known. Darwin thought it indicated 
that the growth changes in the cells required periods of rest, and it 
certainly means that the growth in any one part of the stem apex is 
rhythmic. 

The nutating movement of growing tendrils is presumably also 
related to the shifting regularly round the tendril of the position of most 
active growth, but in many of the circumnutating leaves observed by 
Darwin, and certainly in older leaves, it would seem that the movements 
are not due to differential growth rates but to reversible changes in turgor 
in the cells of the leaf-base, so that the movements are of the ‘variation’ 
type described below. 

No carefully controlled observations on the effect of external condi- 
tions appear to have been made on nutation, but Darwin’s observations 
indicate that, within limits at any rate, increase in temperature leads to 
increase in the rate of movement. 

As long ago as 1844 Dutrochet recorded the effect of temperature 
on the rate of nutation of tendrils of Pisum sativum , a revolution being 
accomplished in about 10 hours at 5° C. and in 80 minutes at 24° C. These 
numbers give a temperature coefficient (Q 10 ) of 2*89, and hence of the 
same order as that found in many metabolic processes. 

As regards other external factors, light is not as a rule an essential 
condition for nutation, and many etiolated plants nutate as actively as 



508 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 

normal plants grown in light. In some species, however, nutation becomes 
very feeble if plants are kept in prolonged darkness. 

EPHEMERAL MOVEMENTS 

A second group of autonomic movements caused by differential rates 
of growth on two sides of an organ are characterized by the movement 
taking place once only, for which reason they are called ephemeral. Such 
movements are the bending of hypocotyls and epicotyls, and the 
expanding of leaf and flower buds. The twisting or torsion observed in a 
number of stems, tendrils and flower and fruit stalks are similar move- 
ments, as are the movements performed in some flowers by stamens, 
style or stigma in bringing about pollination. 

VARIATION MOVEMENTS 

Variation movements, as we have seen, are caused by reversible 
changes in turgidity of a group of cells. It is thus understandable that the 
same sequence of movements may periodically recur. While many varia- 
tion movements arc brought about by external stimuli, a number of them 
fall into the class of autonomic movements, since 
they continue under constant external conditions. 

One of the most striking instances of variation 
movement is that which occurs in the small lateral 
leaflets of Desmodium gyrans and Eleiotis soraria . 
In both these plants the leaf comprises a large 
terminal leaflet and two much smaller opposite 
lateral leaflets (cf. Fig. 52). It is these lateral 
leaflets which display the variation movements. 
Fixed, of course, at the base, they move so that the 
tip of each leaflet describes an ellipse in a plane 
parallel to the petiole of the leaf. The movement 
upwards and downwards is comparatively rapid, 
but at the top and bottom positions the movement 
is too slow to be followed by the eye. The time taken 
for a complete revolution of a leaflet at about 28° 
C. was found to be about 4 minutes in each species, 
that of Desmodium gyrans being determined by 
Kabsch and that for Eleiotis soraria by Saxton. 
The movements of the two leaflets rarely synchro- 
nize, the most common conditions being those 
in which one leaflet in its movement lags only a few seconds behind the 
other, or one leaflet is almost exactly a half-revolution behind the other. 

In Desmodium the movements are brought about by changes in 
turgidity of the pulvinus of the petiole of the leaflets, but in Eleiotis , 
according to Saxton, there is very little change in shape at the basal end 
of the petiole, the movement being chiefly due to changes at the other 
end of the petiole at its point of junction with the lamina. 



Fio. 52. — Diagram- 
matic representa- 
tion of a leaf of 
Eleiotis soraria to in- 
dicate the autono- 
mous movements of 
the basal leaflets 
(After W. T. Saxton) 
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The autogenic variation movements of the leaflets of Oxalis acetosella, 
0. hedysaroides and Trifolium pratense, in which the leaflets move back- 
wards and forwards through an angle, are, like those of Desmodium, due 
to periodic changes in the turgidity of cells in the pulvinus. The move- 
ments are, however, much slower than those of Desmodium gyrans and 
Eleiotis soraria, for a complete movement in Oxalis acetosella takes from 
45 minutes to 2 hours, while that of Trifolium pratense takes about twice 
this time. 

In Averrhoa as well, a genus of Oxalidaceae, the leaflets execute 
spontaneous movements. Here the leaf is a pinnate one with about 10 
pairs of leaflets as well as a terminal one. In this plant, during a warm 
sunny day the leaflets slowly rise one after the other, the rise of each 
leaflet being followed by its more rapid fall. At night the movement 
ceases. 

Variation movements comparable to those met with in leaves are 
also encountered in the flowers of Stylidium adnatum, where the column 
oscillates. Whether an apparently similar movement of part of the 
labellum of the orchid Megaclinium falcatum is due to periodic turgor 
changes or to changes in growth rate is not known. 

The movements are much affected by temperature. Those of Des- 
modium gyrans only occur within certain limits of temperature, namely, 
between 16° and 42° C. Within this range the rapidity of movement 
increases with rise of temperature up to about 35°, above which the rate 
falls off until at the upper limit of the temperature range movement no 
longer occurs. 

As regards the effect of light, while variation movements continue if 
the plants are transferred from light to darkness, after a prolonged period 
in the dark the movements gradually become more feeble and finally 
cease. A certain exposure to light is evidently required as a condition for 
the movements to proceed. As mentioned in Chapter XIX, this fact is 
expressed by describing the organs capable of executing the movements 
as a result of exposure to a sufficient amount of light as being in a 
condition of phototonus, while those in which the movement had ceased 
as a result of long exposure to darkness are described as being in a 
condition of dark rigor. The mode of action of light in conditioning the 
movements is obscure. 


EPINASTY AND HYPONASTY 

As already mentioned, the terms epinasty and hyponasty were 
introduced by de Vries to indicate the more rapid growth of the upper 
and lower sides respectively of an organ, which thus results in a curvature 
convex on the upper side in the case of epinasty and convex on the lower 
side in the case of hyponasty. Such movements are conspicuous in 
opening leaf and flower buds, but are also present in other organs, as, for 
example, many side stems, branch inflorescence axes and the thalli of 
liverworts. 
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While such curvatures are often traceable, at any rate in part, to the 
operation of external stimuli, sometimes the movements appear to be of 
an autonomic character. Such include the unfolding of fern fronds, which 
takes place in the dark and when the frond is slowly rotated on a klinostat 
with a horizontal axis. Very frequently autonomic curvatures of this 
kind are combined with others. Thus, in fern fronds Miss Prankerd 
distinguished six types of movement: nutation, rcctipetality (auto- 
tropism), sagging (due to the weight of the developing pinnae), epinasty, 
phototropism and geotropism. Frequently the position assumed by 
leaves appears to be due to the combined action of epinasty and either 
phototropism and geotropism, or both. 

De Vries attempted to show epinasty present in such cases by 
comparing the curvature of leaves placed horizontally with the morpho- 
logically upper surface uppermost with that exhibited by similar leaves 
placed with the morphologically under surface uppermost. The greater 
curvature of the leaf in the latter position he explained by the combined 
action of epinasty and geotropism in this position, whereas they were 
opposed in the more normal position. He also showed that curvatures 
were executed by leaves placed in a vertical plane with the midrib 
horizontal. Here it was assumed that geotropic curvature was impossible 
and that the greater curvature of the morphologically upper side (so that 
the midrib curves in a horizontal plane) must be due to epinasty. Again, 
if a plant, for example, of Dahlia or Coleus, is rotated on the klinostat 
with horizontal axis, the axis of the plant being parallel or in line with the 
axis of the klinostat, the leaves develop a marked curvature attributed 
to epinasty, that is, the convex curvature of the morphologically upper 
side becomes accentuated so that the leaves curve towards the base of 
the plant. 



CHAPTER XXII 


GEOTROPISM 

That, as a general rule, the main roots of vascular plants grow vertically 
downwards and the main shoots vertically upwards are among the most 
obvious facts of plant growth, while the fact that this orientation persists 
in plants maintained in darkness at least suggests that gravitation may 
be concerned in determining the direction of growth of these organs. The 
first definite attempt to prove this influence of gravity was made in 1806 
by T. A. Knight, who attached young seedlings to a wheel which was 
rotated in a vertical plane. By this device the action of gravity in any 
direction relative to the seedling was exactly compensated by its action 
for the same length of time in the opposite direction. On the other hand, 
although the gravitational effect was thus eliminated, the wheel was 
rotated rapidly enough (150 revolutions a minute) to produce a centri- 
fugal force of roughly 3-5 times the force of gravity, so that, in effect, in 
Knight’s experiment, as far as the seedlings were concerned, the force of 
gravity was replaced by a force 3-5 times as great directed radially 
outwards from the centre of the wheel. If the force of gravity determines 
wholly or in part the direction of growth of the shoot and root, it would 
then be expected that in Knight’s experiment the roots of the seedlings 
would grow outwards from the centre of the wheel and the shoots 
towards the middle. This is, indeed, what Knight found. 

In the investigation of geotropism it is necessary to ensure the 
absence, as far as possible, of stimuli other than the gravitational one. 
Thus, light often produces responses similar to those produced by gravity, 
and therefore the experimental investigation of geotropism has very 
generally been carried out in the dark. The instrument known as the 
klinostat has also proved of the greatest value in the investigation of 
geotropic and other phenomena of irritability. This instrument is simply 
a revolving wheel or disk to which the experimental material is attached, 
so that Knight’s wheel can really be regarded as the first klinostat. When 
the klinostat is revolved in a vertical plane at a slow speed the gravita- 
tional action on the plant is eliminated, while the centrifugal force 
developed is negligible. Thus at a speed of two revolutions an hour and 
with the experimental material 10 cm. from the centre of the disk, the 
centrifugal force acting on the material is little more than 10 ~ 8 times the 
force of gravity. If, however, the rate of rotation is much slower, say one 
revolution in several hours, the material may remain in approximately 
the same position relative to gravity long enough for geotropic curvature 
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to take place, or rather curvatures shifting in position regularly round the 
organ may result, so that a movement resembling nutation is produced. 

In the intermittent klinostat the disk remains stationary for a time and 
then, by a clockwork or electrical device, is suddenly shifted through an 
angle so that the experimental material remains in a series of desired 
positions relative to the direction of the gravitational force. For some 
purposes the horizontal klinostat is used, in which the disk is horizontal 
and revolves about a vertical axis. With this type of instrument it is 
possible to examine the combined action of gravity and centrifugal 
force. 

When an organ becomes orientated so that it grows towards the 
centre of the earth it is positively orthogeotropic, when it grows vertically 
away from the earth it is negatively orthogeotropic. When the axis of 
the organ tends to lie at right angles to the direction of the gravitational 
force it is said to be diageotropic, and when it takes up an angle with the 
vertical other than a right angle it is plagiogeotropic. Most main roots are 
positively geotropic, while a few rhizomes, as, for instance, those of 
Yucca, also appear to be positively geotropic. In a few monocotyledons 
positive geotropism is exhibited by the cotyledon and serves to bring 
the main axis of the seedling into the substratum. Among lower plants 
rhizoids are sometimes geotropic. Thus the rhizoids of Marchantia are 
geotropic and so, according to Noll, are the root-like appendages to some 
marine algae, although he remarks that geotropism plays a very minor 
part in the life of these forms. In non-vascular plants it would seem that 
geotropic irritability is not generally developed to the extent that it is in 
vascular plants. 

Negative geotropism is strongly developed in the aerial main stems of 
most flowering plants, while occasionally organs of other morphological 
value exhibit negative geotropism. Among such are the pneumatophores 
of mangroves, which are morphologically roots. The foliage shoots of 
mosses are generally negatively geotropic, while in the sporangiophores 
and stalks of the fruit bodies of many fungi negative geotropism is 
strongly developed; this is so both with smaller fungi such as Mucor and 
Phycomyces, and the larger Ascomycetes and Basidiomycetes. 

While many rhizomes and runners are diageotropic, side stems and 
roots of the first order, and foliage leaves, are commonly plagiogeotropic, 
but side stems and roots of a higher order generally possess very little 
geotropic irritability. 

In an earlier chapter it has been pointed out that the manner of 
response to a stimulus must depend on the material stimulated. Thus 
motile organisms respond by active movements and so exhibit geotaxis, 
while growing stems and roots respond by executing a geotropic curva- 
ture or a torsion, the latter particularly in dorsiventral organs, or a 
combination of the two. Variation movements resulting from geotropic 
stimulation have also been observed. Thus, in Phaseolus vulgaris and P. 
muUiflorus, inversion of the plant brings about a comparatively rapid 
movement of the petiole due to turgidity changes in the cells of the 
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pulvinus, so that the laminae tend to take up a position assumed by the 
leaves normally in the dark. 
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THE COURSE OF THE GEOTROPIC REACTION 

The positively geotropic reaction is most readily observed in primary 
roots, and the negatively geotropic reaction in primary stems. The course 
of the visible reaction was described many years ago by Sachs for Vida 
faba , seedlings of which, because of ease of handling, are still a favourite 
material for observing the reaction. When such a seedling with its root 
growing normally downwards is transposed so that its root is horizontal, 
the change of the position of the root in relation 
to the direction of gravity constitutes a stimulus 
to which the root replies by executing a curvature, 
the result of which is that the root tip is again 
directed vertically downwards. As the curvature 
results from the unequal growth of the two sides of 
the root it is obvious that it must take place in 
the growing region; this, as we have seen (cf. 

Chapter XVI), is a very short distance behind the 
root apex. The method of demonstrating this is well 
known. By means of Indian ink a series of equi- 
distant marks, say 1 or 2 mm. apart, arc made on 
the unstimulated root. After stimulation it will 
be seen that the curvature occurs in the region of 
most active growth at the time (cf. Fig. 53). At 
ordinary laboratory temperature, that is, about 16 
to 18° C., curvature is noticeable after 1 or 2 
hours from the commencement of stimulation, but 
as the growing zone is short, only a length of a 
few millimetres of root is involved in the curva- 
ture. In the stem the growing zone is generally 
very much longer, and the length of stem involved 
in an apogeotropic curvature is also very much 
longer and may extend to many decimetres. Com- 
monly, in the shoot, as in the root, the curvature 
commences a short distance behind the apex, but 
the region of most active curvature shifts down the stem away from the 
apex so that at the conclusion of the reaction the region of greatest 
curvature may be some considerable distance from the stem apex. Quite 
frequently, both in root and shoot, the curvature does not stop when the 
apex is directed vertically downwards or upwards, but continues further. 
This curvature is followed by one in the reverse direction tending to 
orientate the apical part of the organ vertically, a movement which, as we 
have seen, is generally attributed to autotropism, but which may 
alternatively or in part be due to a second geotropic stimulation produced 
by the displacement of the apical part of the organ by the growth 



Fig. 53. — Diagram to 
indicate the region 
of curvature and 
growth in a geo- 
tropically stimulated 
root 

(From J. v. Sachs) 
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curvature below it. However, plants exhibiting the ‘overcurvature’ 
straighten themselves on the klinostat, and in this case the curvature 
involved must be attributed to autotropism, since geotropic stimulation 
is eliminated. It has been stated that this secondary movement may 
itself carry the root or shoot past the vertical position, when geotropic 
stimulation again comes into play and induces a second curvature in the 
original direction. The attainment of the equilibrium position would thus 
be preceded by a number of oscillations of decreasing amplitude. Recent 
attempts to confirm the existence of this oscillatory movement have not, 
however, succeeded in doing so. 

It has been pointed out earlier that a growth curvature must result 
from the more active rate of growth of the organ on the convex as 
compared with the concave side. The phase of growth concerned is that 
of cell stretching, so that the result of geotropic stimulation is the 
increased turgor of the cells on one side of the organ as compared with 
those on the other side, the consequence of which is the greater stretching 
of the cell-walls on the former side, a stretching which is for the most 
part ultimately fixed and hence inelastic. But in the autotropic counter- 
reaction in roots the straightening may be brought about in part by a 
contraction of the cells on the longer side. When this is so we must 
suppose that the autotropic counter-reaction must occur while the 
stretched cell-walls are still capable of a considerable elastic contraction. 

Seedlings of the Gramineae have provided a favourite material for 
experiments on irritability both to gravity and to light, and none more 
than those of the oat ( Avena sativa). On germination of a cereal grain 
such as that of wheat, barley, oat, rye, or maize, there develops from the 
seed in an upward direction a hollow cylindrical organ, which according 
to some authorities is to be regarded as the cotyledon, or part of it, and 
which, owing to the claims of other structures to be regarded as the 
cotyledon, is now generally known by the non-committal term of the 
coleoptile. Within the coleoptile there forms the first foliage leaf which 
ultimately breaks through it. It is with the behaviour of the coleoptile 
that practically all investigations on the irritability of seedlings of this 
type have been concerned. 

The coleoptile is connected below with the scutellum by an axis of 
varying length, short in Avena and Hordeum but longer in Setaria and 
Sorghum. This axis can be regarded as hypocotyl or epicotyl, according 
as the coleoptile or the scutellum is considered to be the cotyledon. In 
most researches with seedlings in which this axis is significant the 
coleoptile is referred to as the cotyledon and the axis as the hypocotyl, 
but Mrs. Arber, in her work on Monocotyledons, regards the coleoptile and 
scutellum as together forming the cotyledon, and the axis as formed by 
fusion of part of the cotyledon with the hypocotyl. Since it is convenient 
to have a name for this axis, that used for it by Mrs. Arber will be 
employed here, namely, mesocotyl, but this is not intended to imply the 
acceptance of any particular theory with regard to the morphological 
interpretation of the structures present in the grass seedling. 
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According to the observations of Sachs, the geotropic curvature in 
roots of Vida faba involves a decrease in the mean rate of growth, the 
rate of growth of the convex side being only slightly more than that of 
the unstimulated root, while that on the concave side is decidedly less. 
While the growth of the unstimulated root was 10-5 mm., that of the 
axis (middle line) of the stimulated root in the same time was only 
8*4 mm., that of the convex side 10*8 mm., and of the concave side only 
6*1 mm. Recent measurements with refined methods made by Cholodny, 
Dolk and U. Weber on coleoptiles and shoots indicate, however, that in 
these the rate of growth of the axis is unchanged by stimulation. 

The nodes of grasses respond to geotropic stimulation with a growth 
curvature, and it must be supposed that the cells in these tissues retain 
or recover their power of growth. Here, since stimulation brings about 
renewed growth, it is obvious that the stimulated node must grow larger 
than the unstimulated one. Indeed, after curvature the convex side may 
be as much as 5 times as long as before, while the concave side may 
suffer a definite contraction; actually shortenings of 10 to 40 per cent, of 
the original length have been observed. Comparable geotropic curvatures 
also occur in some pulvini such as those of Dianthus spp. and Tradescantia 
jluminensis. 


INTENSITY OF GEOTROPIC STIMULATION 

Since the force of gravity is approximately constant over the surface 
of the earth, variations in its intensity cannot be obtained directly as 
with a factor such as light. There are, however, two ways in which the 
intensity of the geotropic stimulus can be varied experimentally. The 
first method consists in varying the angle made by the experimental 
material with the vertical. If a main root is kept in the vertical position 
the intensity of the stimulus is of course zero, while if it is displaced to lie 
horizontally the intensity of the stimulus is the total force of gravity, g. 
If the angle made with the vertical is less than 90° the intensity of the 
stimulus is something less than g, and the less the angle the less the 
intensity of the stimulus. Actually, if a is the angle made by the stimu- 
lated organ with the vertical the intensity of the stimulus is g sin a. 
This relation, proposed by Sachs, was shown experimentally to hold 
good by Fitting and others, since it is found that the presentation time, 
that is, the time required to give the smallest observable response (see 
p. 493) increases in proportion as sin a decreases; that is, the presentation 
time is inversely proportional to the sine of the angle made by the stim- 
ulated organ with the vertical. In Table XCIV are given some of the 
values obtained by Rutten-Pekelharing with regard to the relation of 
the angle made by oat coleoptiles with the vertical and the presentation 
time for geotropic reaction at a temperature of from 23° to 24° C. They 
show that the product of the presentation time and the sine of the angle 
made by the eoleoptile with the vertical is approximately constant over 
a wide range of angles. 
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Table XC1V 

Relation between Angle of Inclination of A vena Coleoptiles to the 
Vertical and the Presentation Time for Geotropic Reaction 


Angle (a) 

sin a 

Presentation Time 
in Seconds (f) 

t sin a 

90° . . . 

100 

269 

269 

120° . . . 

0-860 

332 

288 

60° . . . 

0-866 

326 

282 

135° . . . 

0-707 

340 

240 

45° . . . 

0-707 

366 

259 

150° . . . 

0-50 

538 

269 

30° . . . 

0-50 

540 

270 

15° . . . 

0-259 

871 

225 

10° . . . 

0-174 

1415 

240 


... _ 


. ._ _ 


The second method of varying experimentally the intensity of 
gcotropic stimulation is to substitute centrifugal force for gravity by 
the use of a vertically rotating wheel or disk in the manner first employed 
by Knight. In this way centrifugal forces varying in value from a 
fraction of the force of gravity to many times as great can be obtained. 
It may be noted in passing that in experiments of this kind the seedlings 
have to be enclosed in order to prevent the excessive evaporation in the 
wind to which they would otherwise be exposed when the rate of rota- 
tion is high. Rutten-Pekelharing, using this method of investigation 
with oat coleoptiles and roots of Lepidium sativum , found that the 
presentation time was again inversely proportional to the intensity of 
the stimulus as the numbers shown in Table XCV indicate. 


Table XCV 

Relation between Intensity of Stimulation of Arena coleoptiles by 
Centrifugal Force and the Presentation Time at 16°-17° C. 


Centrifugal Force 
(C) 

008 



Presentation Time 
in Seconds (1) 

. 3900 

Product 

(CO 

312 

014 



. 2230 

312 

025 



1300 

325 

0-67 



441 

296 

1 04 



310 

322 

3-00 



100 

300 

5-76 



53 

305 

1008 



31 

812 

23-86 



13 

310 

41-76 



7 

292 

58-43 



5 

292 


It will be noticed from Table XCIV that the intensity of stimulation 
is the same whether the stimulated organ makes an angle of oc° or 180-«° 
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with the vertical, that is, whether the organ is in the position A or B in 
Fig. 54. It follows that a completely in- 
verted organ, as, for example, a root in the 
position C in the diagram, is not subjected 
to stimulation. The position is not, how- 
ever, stable in this respect, for a slight 
deviation from this position, which might 
result from other stimuli, internal or 
external, will result in its making an angle 
with the vertical, and response to stimula- 
tion will be a sharp curvature as shown at 
D, whereas in the normal position of non- 
stimulation any slight disturbance from 
the vertical results in a response which 
brings the root directly into its original F, °- 54 — ^explanation see 
alignment. The equilibrium positions E 

and C are therefore distinguished as stable and labile positions re- 
spectively. 

QUANTITATIVE RELATIONS BETWEEN GEOTROPIC STIMULUS 

AND RESPONSE 

When a geotropic organ is displaced from its stable position of 
equilibrium it is subjected to the influence of the geotropic stimulus. 
If the stimulus is continued for only a very short time and the organ is 
then returned to its original position, no curvature may result as the 
threshold value may not have been reached. With longer periods of 
stimulation a curvature may result, even when the return to the original 
position has been made before the beginning of the curvature. Generally 
a curvature so produced is not permanent as an autotropic curvature 
will follow. Since the essence of a stimulus is a change in a condition, if 
the new position is maintained the stimulus dies out. It has been pointed 
out when dealing with the principles of irritability that prolonged 
stimulation leads either to death of the tissue or to the acquisition of a 
new position of equilibrium. With geotropic stimulation the latter is the 
case, the new position of equilibrium involving a permanent curvature 
and the adoption by the apical part of the organ of a new direction in 
relation to the other parts of the plant. 

The values for the presentation time given in Tables XCIV and 
XCV indicate that for stimulation by gravity itself (and not by centri- 
fugal force many times greater) the presentation time may be quite 
considerable; hence, when a klinostat is used to eliminate the action of 
gravity the slow continuous sequence of stimulations to which the 
tissue is subjected by the continuous change in its positions are, unless 
the movement is very slow, sub-threshold in value and produce no 
response. 

It is to be noted, however, that a number of sub-threshold stimula- 
tions add together to produce a response if the time elapsing between the 
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stimulations is not too great. This was shown by Fitting for the epicotyl 
of the broad bean by using a klinostat in which periods of slow rotation 
alternated with short periods of rest during which the organ was stimu- 
lated. When the ratio of the period of stimulation to the period of 
non-stimulation was 1 : 5 the presentation time (the sum of periods of 
stimulation only) was the same as with continuous stimulation, but if 
the period of rest relative to the period of stimulation was increased the 
presentation time also had to be increased, thus indicating that the 
stimulations commenced to die out. 

In measuring the amount of response to geotropic stimulation the 
most correct criterion to employ would appear to be the difference in 
the amount of growth on the two sides of the organ. This is approxi- 
mately proportional both to the radius of curvature, and the deviation 
of the apex from its original position. Generally speaking, it is the last- 
named quantity which is most readily measured. 

The numbers given in Tables XCIV and XCV indicate that whatever 
the intensity of stimulus and period of stimulation within the limits 
employed, the same (minimum) response is produced by the same value 
of the product of intensity of stimulus and its time of action. Now this 
quantity, the product of intensity of stimulation and its duration can be 
regarded as the quantity of stimulus. It is at least reasonable to expect 
that if the minimum response depends on the quantity of stimulus, that 
any definite response is also determined by the quantity of stimulus. 
We are thus led to the stimulus-quantity law according to which the 
amount of response is determined by the quantity of stimulus, that is, 
the product of intensity of stimulus and its duration. The law will 
obviously only hold within limits, for, as we have already seen, the 
condition of stimulation gradually passes away as a fresh position of 
equilibrium is reached. There appears, however, to be very little informa- 
tion regarding the quantitative relationship between stimulation and 
response; and whether, within limits, the amount of response is pro- 
portional to the quantity of stimulation, or some other relation holds, 
is not at present clear. If the Wcber-Fechner law (cf. p. 492) holds, then 
with constant duration of stimulation the response will be proportional 
to the logarithm of the intensity of the stimulus, and this would mean 
that as the quantity of stimulus increased the amount of response would 
increase, but not at the same rate. Data on the matter are, however, still 
wanting. 

It will be observed that the first visible response to geotropic stimula- 
tion takes place some time after stimulation, and there is thus a latent 
time (cf. p. 495), or, as it is usually called by continental workers, a 
reaction time. The existence of a latent time indicates that between the 
perception of the stimulus and the response a series of reactions occurs 
which requires time. Moreover, as will be shown later, the seat of visible 
response to the stimulus by the plant is not necessarily the seat of 
perception, thus indicating a chain of reactions between perception and 
visible response, not only in time, but in space. 
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The relation between the intensity of the stimulus and the length 
of the latent time was investigated by Bach. Seedlings of Vida faba 
were rotated on a wheel in a vertical plane at different speeds, so that 
they were subjected to centrifugal forces of various intensities. The 
stimulation appears to have been continued until the first curvature was 
observed, so that the duration of stimulation has the same value as the 
reaction time, but it is to be expected that the quantity of stimulus 
involved in each case is actually less than the product of intensity and 
duration since, as we have seen, the stimulus fades out with prolonged 
duration and, even if this were not so, from the very existence of a 
latent time it seems clear that the stimulus at the end of this time can- 
not play a part in producing the curvature. Indeed, Bach found with 
gravitational stimulation no significant difference in the latent time in 
plants stimulated for the presentation time only and those stimulated 
until curvature commenced. However this may be, Bach’s data indicate 
that with increasing stimulation the reaction time diminishes up to a 
point, but that beyond this point increase in stimulation produces no 
further effect in speeding up the chain of reactions. There appears thus 
to be a minimum latent time. 


Table XCV1 


Relation between Intensity of Stimulus and Latent Time 
for Shoots of Vida faba seedlings 


Intensity of Stimulation 

Temperature 

Mean Latent Time 

in Gravitational Units 

in Centigrade degrees 

in Minutes 

0014 

17 - 21*5 

277 

0056 


206 

0 099 


180 

0*20 


125 

0-31 


115 

0-80 


113 

1 * 25-219 


87 

6 * 5-100 

16-19 

72*5 

10-20 


64*8 

20-30 


61*5 

30-40 


68*2 

40-50 


70*4 

50-60 


630 

60-70 


800 

70-80 


62*5 

80-90 


760 

100-110 


68*7 


The minimum latent time for seedling shoots of Vida faba thus 
appears to be about 67 minutes when the experiments are carried out 
at about 18° C. This is only slightly less than that observed with control 
plants placed horizontally and so exposed to gravitation stimulus, in 
which case the average latent time was 72 minutes. It may thus be 
concluded that with an intensity of stimulation equal to that of gravity 
the minimum latent time is almost reached, and that, provided duration 
of the stimulus is sufficient to produce a curvature at ail, the period of 
84 
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stimulation is without influence on the latent time. In earlier observa- 
tions on roots of Vida faba and Lupinus albus Czapek also found a 
minimum latent time, but in his experiments carried out at about 17° C. 
this was only reached when the intensity of stimulation was 40 times 
the force of gravity. The minimum latent time in these experiments 
was found to be about 45 minutes. 

THE INFLUENCE OF EXTERNAL CONDITIONS ON GEOTROPIC 

IRRITABILITY 

Various external conditions may influence geotropic irritability, 
notably temperature, light and various chemical substances. 

Temperature . The influence of temperature on the presentation time 
and latent time for geo tropic reaction was examined by Czapek in 1898 
in seedling roots of Lupinus albus and Zea mats and hypocotyls of 
Helianthus annuus . The values he found for the presentation time and 
latent time at different temperatures in the first of these is shown in 
Table XCVII. These results suggest that temperature has little effect 
on the response to geotropic stimulation until the extremes of the tem- 
perature range under which the plant lives are approached. Bach’s 
experiments with shoots of Vida faba , however, indicated a much greater 
dependence of reaction to geotropic stimulation on temperature. 

Table XCVII 

Effect of Temperature on the Presentation Time and Latent Time 
for Geotropic Reaction in Seedling Roots of Lupinus albus 


Temperature in 

Presentation Time 

Latent Time in 

Centigrade degrees 

in Minutes 

Minutes 

5 

. 45 

360 

10 

30 

120 

15 

20 

80 

20 

20 

80 

25 

20 

80 

30 

20 

70 

39 

25 

120 


His results are summarized in Table XCVIII. They show that the 
presentation time is much shorter for this organ than for roots of 
Lupinus albus . Both sets of data agree, however, in that towards the 
lower and higher limits of the normal temperature range for growth, 
both presentation time and latent time increase. The results of a later 
careful investigation by Miss Hawker of the influence of temperature 
on the geotropism of the epicotyls of seedlings of Lathytus odoratus 9 
agree with those of Bach rather than with the earlier ones of Czapek. 
Miss Hawker found the sensitivity to geotropism in her material to 
reach a maximum when the epicotyls were 6 to 10 cm. long. The values 
for the presentation time and latent time for epicotyls at this stage of 
development are given in Table XCIX. In the epicotyls of the sweet 
pea, as in the seedling shoots of the broad bean, maximum sensitivity 
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Table XCVlll 

Effect of Temperature on the Presentation Time and Latent Time 
for Geotropic Reaction in Seedling Shoots of Vida f aba 


Mean Temperature in 

Presentation Time 

Latent Time in 

Centigrade degrees 

in Minutes 

Minutes 

14 

14 

122-8 

17 

11 

1154 

20 

7-5 

97 9 

25 

8 

64-8 

30 

2 

48-2 

35 

4 

80-8 


to gravitational stimulation occurs at about 30° C., while the presenta- 
tion time is very nearly the same in the two species examined. The 
latent time, however, is decidedly shorter in the sweet pea than in the 
broad bean. 


Table XC1X 


Effect of Temperature on the Presentation Time and Latent Time 

for Geotropic Reaction 

in Epicotyls 

of Lathyrus odoratus 

Temperature in 

Presentation Time Latent Time in 

Centigrade degrees 

in Minutes 

Minutes 

5 

60 

180 

10 

26 

100 

15 

16 

55 

20 

8 

35 

25 

4 

31 

30 

3 

30 

35 

5 

32 

40 

15 

50 


Miss Prankerd’s observations on the effect of temperature on the 
latent time for geotropic response of fronds of Asplenium bulbiferum 
show the same general relationship as in the species already discussed. 
Both the presentation time and latent time are reduced with increase in 
temperature between 8° and 20°. As the numbers in Table C show, the 
presentation time at 10° is about double that at 20°, while the latent 
time at 10° is about 2-36 times that at 20° C. The results are thus in 
agreement with the Van’t Hoff rule. A temperature of 30° is progres- 
sively injurious to the graviperceptional sensitivity of the frond, exposure 


Table C 

Effect of Temperature on the Presentation Time and Latent Time 
for Geotropic Reaction in Fronds of Asplenium bulbiferum 


Temperature in 

Presentation Time 

Latent Time in 

Centigrade degrees 

(That at 20° - 1) 

Hours 

8 

3 

19 

10 

2 

13 

18 

1-7 

11 

16-5 . 

13 

8 

20 

1 

5 5 
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to this temperature increasing the presentation time at once by one- 
third, and by two-thirds after exposure to the temperature for a day. 
A time factor thus appears to operate as regards the power of perception, 
but the latent time is the same as that at 20° and does not appear to 
be affected by the time factor introduced by the high temperature. That 
this latter affects adversely the initial part of the chain of actions (that 
is, the perception) and not the subsequent stages (the reaction) is also 
indicated by the results of experiments in which the fronds were stimu- 
lated at one temperature and allowed to respond at another. Thus, 
stimulation at 20° followed by transference to a temperature of 30° 
produces the same response as when the temperature is allowed to 
remain at 20°, whereas stimulation at 30° followed by response at 20° 
results in a decrease of about 56 per cent, in the number of fronds 
responding. 

That the temperature to which the material is subjected before and 
during stimulation may have a considerable effect on sensitivity to the 
gravitational stimulus had been shown earlier by Rutgers, who stimu- 
lated coleoptiles of oat at various temperatures to which they had "been 
subjected for 1 hour or longer prior to a stimulation. After stimulation 
they were allowed to respond at room temperature (18° to 21° C\). As 
the numbers given in Table Cl show, the presentation time is greatly 
affected by temperature. At lower temperatures the presentation time 
was the same whether subjection to the experimental temperature was 
continued for 1 or 4 hours. Continued exposure to a temperature of 
30° C. increased the sensitivity but, as the numbers in the table show, 
continued exposure to higher temperatures reduced the sensitivity. We 

Table Cl 


Effect of Exposure to Various Temperatures previous to, and during 
Stimulation, on the Presentation Time for Geotropic Reaction of 
Coleoptiles of Avena sativa 


Tempera- 
ture in 
Centigrade 
degrees 

Presentation Time in Minutes after these different Periods of Exposure 
to the Experimental Temperature 

1 hour 

2 hours 

4 hours 

0 hours 

12 hours 

24 hours 

0 

72 



72 

... 



5 

. 16 

— 

16 

— 

— 

— 

10 

10-7 

— 

10*7 

— 

— 



15 

6 

— 

6 

— 

— 

— 

20 

4*3 

— 

— 

— 

— 



25 

2*3 

2*3 

2*3 

2 3 

— 

— 

80 

3*5 

3 2 

2*2 

1*8 

1*7 

1*7 

85 

2 5 

3*5 

4 

4 

— 

5 

87 

9*3 

16 

— 

21*7 

— 

21*7 

88 

11 5 

19*2 

38 

53 

75 

847 

89 

23 

40 

— 

— 

— 



40 

260 

— 

— 

— 

— 

— 
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again have an example of the time factor introduced by high temperature. 
The latent time was found to be very little affected by the temperature. 

Results in agreement with these findings were obtained by Miss 
Hawker with sweet pea seedlings. Seeds were germinated at 20° C. 
and then subjected to various treatments before stimulation at 20° C. 
and 30° C. The presentation times and latent times at 20° C., at the 
most sensitive stage of the epicotyl, after the various treatments are 
shown in Table CII. 


Table CII 


Effect of •Various Treatments before Stimulation on the Presentation 
Time and Latent Time at 20° C. for Gcotropic Reaction of Epicotyls 
of Lathyrus odoratus 


Presentation Time 

Treatment in Minutes 

Grown at 5° C. all the time ..... 25 

Grown at 5° C.; then exposed to 20° C. for 24 hours 

before stimulation . . . . . . 12 

Grown at 5° C.; then exposed to 20° C. for 48 hours 

before stimulation ...... 8 

Grown at 20° C. all the time ..... 8 

Grown at 20° C.; then exposed to 5° C. for 24 hours 

before stimulation . . . . . . 16 


Latent Time 
in Minutes 
60 


35 

35 


The bearing of the information summarized above on the theory of 
the mechanism of the gcotropic reaction will be dealt with later in this 
chapter; it may, however, be noted here that the effect of temperature 
on the geotropic reaction is similar to that of temperature on a number 
of metabolic processes, in that there is an increase in the rate of the 
process with increase in temperature up to about 30° C. above which 
there is a falling off in rate. It would appear that here also a time factor 
operates as in metabolic processes, but the methods of experimentation 
so far evolved to examine the effect of temperature on gcotropic irrita- 
bility do not permit a very exact examination of this question. 

Light . The few recorded observations that bear on the question of 
the influence of light on irritability to gravity suggest that exposure to 
light brings about a decrease in graviperception. In 1895 Czapek had 
already found that illumination of Arena and Phycomyces for 10 minutes 
delayed the appearance of geotropic curvature. A more systematic inves- 
tigation of the question was made by Krones in 1914. Seedlings of 
Arena were illuminated for various periods (0-5, 1 and 2 hours) with 
different light intensities (125, 250 and 500 metre-candles) and then 
stimulated in a horizontal position for 3 minutes, experiments being 
conducted at about 21° C. The higher the light intensity and longer the 
exposure, the smaller the percentage of seedlings which executed 
geotropic curvatures as a result of this stimulation. These results are 
summarized in Table CIII. For comparison it should be observed that 
the percentage of curvatures of seedlings kept in the dark, was, on the 
average, 80-5 per cent. The numbers given in the table suggest that, 
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within limits, the degree of lowering of the geotropic sensitivity is 
determined by the quantity of light falling on the organ. It will be re- 
called that in this material light brings about a lowering of the rate of 
growth, but according to Pringsheim and Krones, differences in growth 
rate affect the time relations in the geotropic reaction very little. The 
explanation of the effect of light in lowering the sensitivity to gravi- 
perception must therefore be sought elsewhere than in the light-growth 
reaction. 


Table CIII 


Effect of Pre-illumination on the Sensitivity to Gravity of Seedlings 

of Avena saliva 


Intensity of Illumination 
in MK. 

Percentage of Seedlings executing Geotropic Curvature after 
Pre-illumination for 

0-5 hour 

1 hour 

2 hours 


125 

60 0 

51-7 

49-9 

250 

52 a 

4a i 

38-6 

500 

435 

351 

30-5 


Pressure. The effect of reduced atmospheric pressure on geotropic 
irritability of the radicles of Phaseolus vulgaris was recorded in 1912 
by Paal. To determine the influence of pressure on the presentation time 
and latent time the radicles were stimulated in air of known pressure 
for various times and then the seedlings were rotated on the klinostat, 
the presentation time being taken as the period of stimulation necessary 
for 50 per cent, of the roots subsequently to exhibit a curvature. An 
attempt was also made to distinguish between the effects of reduced 
pressure on presentation time and on latent time. To this end the radicles 
were stimulated in normal air and then transferred to air under reduced 
pressure. 


Table CIV 

Influence of Reduced Atmospheric Pressure on the Presentation Time 
and Latent Time for reaction to Gravity of Radicles of Phaseolus 
vulgaris 


Pressure in 
Atmospheres 

1 




Presentation Time 
in Minutes 

6 

Latent Time (that 
under atmospheric 
pressure =» 1) 

10 

0-74 




20 

109 

0-61 




25 

115 

0*34 




30 

1-39 

0-21 




35 

1-60 

014 




50 

1*80 

008 




70 

220 


Paai’s values for the latent time given in the above table were 
obtained when the seedlings were maintained under the reduced pressure 
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throughout the periods both of perception and of response. When the 
perception took place in air at normal pressure it was found that the 
response was indeed slower in air under reduced pressure than under 
normal pressure, though the lengthening of the latent time was not very 
significant except in quite low pressures (cf. Table CV). 

Table CV 

Influence of Reduced Pressure on the Latent Time for Reaction to 
Gravity of Radicles of Phaseolus vulgaris stimulated in Normal 
Air. 


Pressure in Latent time under reducedjpressurc 

Atmospheres Latent time under normal atmospheric pressure 

0-34 119 

0-28 1*40 

0-21 1*42 

014 1-53 


The not improbable suggestion has been made that the slowing down 
of both the perception and response phases of the gcotropic reaction in 
reduced pressure is related to respiration. 

Oxygen. Since in aerobic organisms growth only takes place with a 
sufficient supply of oxygen, it follows that in continued absence of 
oxygen, curvatures dependent on differential rates of growth cannot 
take place. The actual concentration of oxygen necessary for geotropic 
curvature to take place may be very low. Wortmann mentions that 
seedling roots of Vina fab a, Phaseolus vulgaris and Ph. multi florus and 
stems of Paeonia peregrina do not respond to geotropic stimulation in an 
atmosphere devoid of oxygen. He noted that on addition of oxygen to 
the environment the power of geotropic response returns even in plants 
which have been deprived of oxygen for weeks. Later he extended his 
observations to Helianihus annuus and Lepidium sativum . Kraus also 
observed that flowering shoots of Taraxacum , Ranunculus and Anthriscus 
fail to respond to gravitational stimulation in an atmosphere of carbon 
dioxide or of hydrogen, but regain the power of response when again 
brought into contact with oxygen. 

The most critical examination of this question appears to be that 
made in 1917 by van Ameijden who found that when coleoptiles of 
Avena saliva and hypocotyls of Sinapis alba after being maintained in 
an atmosphere of nitrogen for 6 hours, are stimulated in nitrogen and 
then replaced in air, no curvature takes place. If the pre-treatment in 
nitrogen is for a shorter period, say 1 to 3 hours, a curvature still occurs, 
while if after the longer period in nitrogen stimulation is carried out 
in air and the latter atmosphere maintained, a reaction takes place, 
although the curvature is less than that which occurs under normal 
conditions. In Sinapis alba , according to Correns, a concentration of 
from 8 to 4 per cent, oxygen is necessary for geotropic reaction, but in 
Helianihus curvatures were observed in much lower oxygen concentra- 
tions. The observations of van Ameijden on geotropic response of Avena 
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saliva subjected to an atmosphere with a low oxygen content (4-8 per 
cent.) show that the coleoptile of this plant under such a condition 
remains for many hours capable of reacting normally to the gravitational 
stimulus, but that after 24 hours there seems to be a definite reduction 
in sensitivity to gravity. 

Various Gases. Molisch found that small quantities of tobacco smoke 
have the effect of greatly lessening the sensitivity to graviperception of 
seedlings of a number of species including Vida sativa 9 Pisum sativum 
and Ervum lens. Smoke from other sources has a like effect and so have 
small amounts of coal gas. According to Knight and Crocker, the ethylene 
and carbon monoxide present are chiefly responsible for, while acetylene 
probably contributes to, the adverse influence of smoke and coal gas. 

Other Poisonous Substances. Chloroform and ether also lower the 
sensitivity to graviperception. According to Czapek, chloroform in cer- 
tain concentrations, in addition to lowering the power of roots of Vida 
faba and Lupinus albus to perceive a gravitational stimulus, also inhibits 
all expression of response, but that while no reaction is visible during 
exposure to such chloroform solutions, curvature can follow removal of 
these plants into normal conditions. Several workers have recorded a 
lengthening of the latent time for the geotropic reaction when the 
material has been subjected to treatment with a solution of eosin before 
stimulation, and Neukirchen has confirmed this with seedlings of cereals 
and also obtained the same effect with formaldehyde and copper sul- 
phate. According to the same observer, pre-treatment with arsenious 
acid accelerated the action. 

Metallic Ions. Some divergence appears in the recorded results on the 
effect of ions of the alkali and alkaline earth metals. While Cholodny 
found that K, Na and NH 4 ions retarded the geotropic reaction in seed- 
ling roots and that the alkaline earth ions Ca and Mg had little effect, 
Warner found that only K and Na exerted a retarding effect, as com- 
pared with controls in distilled water, while Li and NII 4 , as well as the 
bi- valent ions Ca, Mg, Sr and Ba, accelerated the reaction, the order of 
the ions in bringing about the accelerating action being the same as 
their order of absorption by plant tissue (cf. p. 80). Cholodny has, how- 
ever, objected that distilled water, as compared with balanced nutrient 
solutions, itself retards the geotropic reaction, so that although acceler- 
ation of the reactions in comparison with that obtained with distilled 
water may occur, there may be not merely no furthering of the reaction, 
but even retardation in comparison with that which takes place in seed- 
lings growing on a substratum containing nutrient salts in a balanced 
mixture. 

VARIATIONS IN GEOTROPIC IRRITABILITY DURING 
DEVELOPMENT 

Already in 1905 Fitting had found that the presentation time and 
latent time for the geotropic reaction were greater in Vida faba epicotyls 
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1-2 cm. long than in epicotyls 3-5 cm. long, and Bach also showed that 
the presentation time and latent time decreased in this species with 
development of the seedling. 

That considerable variation in geotropic irritability occurs during 
development has been made plain by the careful investigations of Miss 
T. L. Prankerd and other workers of her school. It has been shown that 
fern fronds, as they develop, exhibit a ‘grand period’ in respect of 
geotropic irritability. Thus, in fronds of the fern Asplenium bulbiferum 
geotropic irritability is present from the first appearance of the frond 
until it is quite uncurled. Over this period the irritability, as indicated 
both by presentation time and latent time, rises to a maximum as 
development proceeds, and then falls, until at the end of the period 
the frond is no longer sensitive to the gravitational stimulus. To express 
the different stages of development in fern fronds certain terms were 
applied, namely, infant, when the leaflets are contained in the apical 
coil, adolescent when the leaflets are unfolding, and mature when the 
frond has uncurled. By the time the last stage is reached the irritability 
to gravity, as we have just seen, has disappeared. The earlier stages can 
be subdivided into early infant (fronds 0-8 to 3 0 cm. long), middle 
infant (fronds 3*0 to 5-5 cm. long) and late infant (fronds over 5-5 cm. 
long with no leaflets unfolded), and adolescent 1, adolescent 2 and so 
on, according to the number of pairs of leaflets unfolded. Each of these 
stages can be subdivided if necessary. From observations made by Miss 
Waight it appears that at 20° C. and 85 per cent, humidity the presenta- 
tion time decreases from 8 hours at a very early stage of development 
to a minimum of 0*5 hour when the fifth to the seventh pair of leaflets 
are unfolding. It then rises to about 6 hours just before the fronds are 
mature and graviperception is no longer observable. The latent time 
follows a similar course, being about 16 hours at the very early stage of 
development, falling to a minimum of 5 hours and then rising. Actual 
data obtained by Miss Waight are shown in Table CVI. 

Table CVI 

Variation in Presentation Time and Latent Time of Fronds of Asplenium 
bulbiferum in Relation to Graviperception during Development 

Presentation Time Latent Time 


Stage of Development 



in Hours 

in Hours 

Early infant 1st stage . 



. 8 

16 

„ „ 2nd „ 



. 4 

10 

Middle infant 



. 3 

8 

Late infant . 



. 2 

6 

Adolescent 1 



. 1-5 

5-5 

„ 2 . . 



1 

5-5 

» 3-4 



. 0-75 

5-5 

„ 5-7 . 



. 0-5 

5 

„ 8 



. 1 

5 75 


A similar course in the development of geotropic irritability in fronds 
of another fern, Osmunda regalis, was observed by Miss Prankerd, but 
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in this species the power of response to the gravitational stimulus persists 
to a later stage than in Asplenium bulbiferum , while the sensitivity is 
greater. There also appears to be a definite increase in sensitivity to 
gravity in the fronds as the plant grows older. The results are shown 
in Table CVII. The sensitivity values given in the last column are 
obtained by assuming that the sensitivity is inversely proportional to 
the presentation time. 


Table CVII 

Variation in Presentation Time and Latent Time of Fronds of Osmunda 


regalis in Relation to Graviperception during Development 


Stage of Plant 

Stage of Frond 

Length of 
Frond in cm. 

Presentation 
Time in 
Minutes 

Latent Time 
in Hours 

Relative 

Sensitivity 

1st year . 

Early infant 

046 

300 

7-5 

2 


Middle infant 

0-8 

120 

35 

5 


Late infant 

16 

25 

2-8 

24 - 


Adolescent 1 

2 6 

25 

2-7 

24 


Mature 

2-8 

20 

20 

30 


Mature 1 

8 3 

40 

30 

15 

2nd year . 

Early infant 

0 63 

180 

6 6 

1 


Middle infant 

12 

45 

2 9 

4 


Late infant 

2-8 * 

18 

2 25 

10 


Adolescent l 

5 5 

15 

2 7 

12 


„ 2 

7-5 

12 

2 0 

15 


Mature 

8-4 

3 

20 

60 

Adult 

Early infant 

2 6 

150 

6 15 

1 


Late infant 

13-3 

7 

1-75 

21 


Adolescent 1 

14-8 

6 

1*38 

24 


„ 2 

15-9 

5 

15 

30 


,, 3 

21 3 

3 

1-5 

50 


„ 4 6 

33 2 

1 

1-38 

150 


Sub-mature 

38-2 

1 or J 

1-25 

150 or 300 


Mature 

44-4 

1 

1-63 

150 


Similar changes in geotropic sensitivity during development are probably 
usual throughout vascular plants. At any rate they have also been 
observed in the seedlings of a number of flowering plants examined by 
Miss Hawker. Here again, with development of the organ the sensitivity 
increases, reaches a maximum and then declines. The values for the 
presentation time obtained by Miss Hawker in experiments carried out 
at 20° C. are summarized in Tables CVIII and CIX. 

The general conclusion to be drawn from Miss Hawker’s results is that 
in organs of, theoretically, unlimited growth above ground, sensitivity to 
the gravitational stimulus increases until a maximum is reached, after 
which the sensitivity falls off somewhat to a value which remains 
constant. In organs of limited growth, such as hypocotyls, the sensitivity 
increases to a maximum and then falls off until the organ loses its 
sensitivity with cessation in elongation. Exceptions to this rule were, 
however, observed by Miss Brain in three species of Lupinus ( L . aU>u$ f 
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Table CVI1I 


Variations in Sensitivity to Stimulation by Gravity of Epicotyls of 
Seedlings of Lathyrus odoratus during Development 


Length in cm. 
0-1 . 
1-2 . 
2-4 . 

4-6 . 

6-10 . 

10 + 


Presentation Time 
in Minutes 

. 20 
. 16 
. 12 
9 
8 

. 12 


Latent Time in 
Minutes 

45 

42 

39 
35 
35 

40 


Table CIX 


Variations in Sensitivity to the Gravitational Stimulus of Hypocotyls 
of Seedlings during Germination 



Uicinus communis 

Cheiranthus allionii 

Calendula officinal is 

Nigella damascena 

Length of 






— 



— 

Organ 

Presenta- 

Latent 

Presenta- 

Latent 

Presenta- 

Latent 

Presenta- 

Latent 

in cm. 

t ion Time 

Time in 

tion Time 

Time in 

tion Time 

Time in 

tion Time 

Time in 


in Minutes 

Minutes 

in Minutes 

Minutes 

in Minutes 

Minutes 

in Minutes 

Minutes 

0-1 . 







18 

55 

1-2 . 

— 

— 

} 20 

>60 

I 15 

V70 

11 

50 

2 3 . 



7 

40 

12 

60 

12 

57 

3-4 . 



6 

40 

11 

60 

— 

— 

4-5 . 

} 20 

>45 

i 6 

45 

12 

60 } 


— 

5-6 . 

/ 

/ 

13 

45 | 

— 



— 

6-9 . i 

10 

40 

1 — 


— - 


- 

— 

9-12 . 

5 

35 

! — 


- 

— 

- 

-- 

12-15 . 

6 

35 

: 

— 

— 

— 

— 

— 

15-18 . 

20 

45 

i 


1 

- -- 


— 

18 4 . 

20 f 

45 4 - 



- 


— 

— 


L. polyphyllus and L. arbor cus), in which the sensitivity of the hypocotyl 
to gravity increases to a maximum value which is maintained until 
growth in length ceases. In roots also, according to Miss Hawker, the 
sensitivity remains constant, at any rate for some time, after the maxi- 
mum value has been reached (Table CX). 

Table CX 


Variation in Sensitivity to the Gravitational Stimulus of 
Primary Roots of Seedlings during Development 



Presentation Time in Minutes 

Length of Root 
in cm. 




Lathyrus odoratus 

Hclianthus annuus 

Cucurbita pepo 

0-2 ... 

60 

40 

30 

2-4 .. . 

30 

25 

20 

4-6 ... 

25 

20 

18 

6 + . . . 

25 

20 

18 
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Variations in sensitivity to stimulation by gravity were also observed 
by Miss Brain in the development of the inflorescence in Lupinus albus , 
and L. arboreus , the presentation time of the inflorescence axis of the 
former species falling from 20 minutes to 2*5 minutes when sensitivity 
was greatest, and then rising to 10 minutes. In the inflorescence axis of 
L. arboreus there was observed a fall in presentation time from 120 
minutes to 20 minutes, without any subsequent decrease in sensitivity. 

DIFFERENCES IN SENSITIVITY TO THE GRAVITATIONAL 
STIMULUS IN DIFFERENT SPECIES 

From the values for presentation time and latent time already given 
it will be evident that all tissues, even in the same stage of development 
and under the same external conditions, probably do not react with the 
same rapidity to stimulation by gravity. As long ago as 1898 Czapek 
determined the presentation time at 25° C. for reaction to the gravita- 
tional stimulus of a number of species, and obtained values varying 
from 15 minutes for sporangiophorcs of Phycomyces blakesleeanus , 
coleoptiles of Arena saliva and Phalaris canariensis and hypocotvls of 
Beta vulgaris to 50 minutes for the radicles of a large-seeded variety of 
Vicia faba and the epicotyls of Phaseolus vulgaris . These values, com- 
pared with ones determined later, all appear high, a result later attri- 
buted by Czapek to light shortage and impurities in the air of his 
laboratory. Some later determinations by Fitting and Bach arc sum- 
marized in Table CXI. The temperature in Fitting’s experiments was 
22° C., in Bach’s between 20° and a few degrees under 30° C. 

Table CXI 


The Presentation Time for Geotropic Stimulation in Various 

Plant Organs 




Presentation 


Species 

Organ 

Time in 

Observer 



Minutes 


Vicia faJba 

Epicotyl 

6-7 

Fitting 

>» 

>> 

5 

Bach 

,, it ...... 

Radicle 

6 

ii 

Helianthus annuus .... 

Ilypocotyl 

5-6 

Fitting 

»» »» .... 

ii 

< 3 

Bach 

Phaseolus multijlorus . 

Epicotyl 

6-7 

Fitting 

n ii ... 

1 1 

3-4 

Bach 

a ii ... 

Radicle 

7-8 

»> 

Sinapis arvensis .... 

91 

20-25 

Fitting 

Sinapsis alba 

1 1 

20-25 

ii 

Lens sp : 

11 

20-25 

ii 

Cucurbita pepo 

Hypocotyl 

6 

Bach 

Tropaeolum sp 

Epicotyl 

8-9 

»» 

Panicum sanguinale 

Coleoptile 

10 

ii 

Setaria alopecuroides . 

>> 

12 

ii 

Lupinus albus 

Hypocotyl 

20-25 

ii 

Capsella 

Flowering shoot 

< 2 

ii 

Sisymbrium officinale . 

ii it 

3 

ii 

Plantago lanceolata .... 

ii ii 

3 

ii 

Plantaao media 

•• .. 

a 
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But since, as we have seen, the sensitivity varies with development, 
a better criterion of the sensitivity in different species is provided by the 
values for the presentation time when the organs are in their most 
sensitive condition. Such values, found by Miss Hawker, at 20° C., are 
summarized in Table CXII. The minimum values for the ferns examined 
by Miss Prankerd are included for the sake of comparison. From the 
data given in this table it will be seen that the most sensitive material to 
gravitational stimulus so far examined is the mature frond of the adult 
plant of Osmunda regalis , a striking fact in view of Darwin’s doubt 
regarding the possession by fern fronds of the power of response to the 
gravitational stimulus. On the whole dicotyledons are more sensitive 
than monocotyledons and conifers. 


Table CXII 


Minimum Presentation Time and Latent Time for Various Plant 

Organs 


Species i 

i 

Organ 

Minimum ' 

Presentation 
Time in j 

Minimum 
Latent Time in 



Minutes i 

Minutes 

Rieinus communis .... 

Ilypocotyl 

5 i 

35 

Cheiranthus allionii 

i > 

6 

40 

Calendula officinalis 

»» 

11 

60 

Nigella damascena .... 

i » 

11 

50 

Ilelianthus annuus .... 

M 

5 > 

52 

>> >> • • • • 

Root 

20 

— 

Beta vulgaris 

Ilypocotyl 

io ! 

46 

Lathyrus odoratus . i 

Epicotyl 

8 

35 

,, ff .... 

Root 

25 

43 

Cucurbita pepo j 

Ilypocotyl 

5 

43 

,, M ..... | 

Root 

18 

— 

Allium cepa j 

Cotyledon 

6 

40 

Canna indica i 

Seedling 

27 

| 120 

Commelina coelestris . 

J » 

18 

62 

Asparagus officinalis . . . 

Epicotyl 

3 

! 46 

Larix europea 

Ilypocotyl 

25 

1 75 

Picea pungens , var. glauca 

99 

30 

80 

Cupressus arizonica 

99 

40 

i 90 

Asplenium bulbiferum 

Adolescent frond 

! 20 

| 300 

Osmunda regalis .... 

Mature frond 

! 0-5-1 

1 

! 75 


It is perhaps advisable to mention that the determinations of pres- 
entation time by different investigators are not strictly comparable 
unless all internal and external conditions are the same, and the same 
criterion is used to determine the first indication of curvature. Miss 
Prankerd and other workers of her school take as the presentation time 
the period which will generally produce a movement of about 5°, and 
only very rarely exceed 10°, in 75 per cent, of the individuals used. In 
Bach’s experiments the time required to induce curvature in only 
50 per cent, of the individuals was taken as the presentation time. 
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Having regard to these considerations the degree of agreement between 
Bach’s results and Miss Hawker’s is all that can be expected and the 
numbers given in Table CXII can be confidently accepted as affording 
a satisfactory indication of the variation in geotropic sensitivity in 
different species. 

BILATERAL SYMMETRY IN GEOTROPISM 

In Table CXII are recorded the minimum presentation times for a 
number of seedling organs. It has, however, been found by Miss Brain 
and confirmed by Miss Hawker, that some seedlings exhibit a physio- 
logical zygomorphy in regard to response to the gravitational stimulus, 
in that the response is more rapid when stimulation is effected in one 
plane than when it is effected in another. Thus, in seedlings of Lupinus 
polyphyllus stimulated at 20° C. in the cotyledonary plane, that is, with 
the plane of the cotyledons horizontal, the minimum presentation time 
of the hypocotyl is 20 minutes, whereas when stimulated in the inter- 
cotyledonary plane, that is, with the plane of the cotyledons vertical, the 
minimum presentation time is 4 times as great. A similar behaviour was 
observed in Lupinus arboreus where the presentation time for stimulation 
of the hypocotyl in the cotyledonary plane was found to be 20 minutes, 
as compared with 60 minutes in the intercotyledonary plane. In Lupinus 
albus , on the other hand, the seedling exhibits radial symmetry in respect 
to geotropic stimulation, the minimum presentation time being 20 
minutes whatever the plane of stimulation. Other species in which this 
bilateral symmetry in regard to geotropic stimulation has been observed 
are Cucurbita pepo , Helianthus annuus and Aquilegia vulgaris. 

DIAGEOTROPISM 

Diageotropic organs arc those which normally orientate themselves 
with their axis or surface at right angles to the direction of the gravita- 
tional force. They can conveniently be divided into two groups, those 
with a morphologically radial organization such as horizontally growing 
rhizomes, and those with a dorsiventral structure, such as many leaves. 
Among the former may be cited the rhizomes of Eleocharis palustris , 
Sparganium ramosum, Scirpus maritimus , Adocca moschatellina and Cir- 
caea lutetiana. When such a rhizome is tilted out of the horizontal it 
executes a curvature so that the apical region again comes to lie horizont- 
ally. If the organ is physiologically, as well as morphologically radial, it 
will be observed by reference to Fig. 55 that its stable and labile positions 
of equilibrium are quite different from those of an orthogeotropic organ. 
In the transversely geotropic, radially organized structure both A and C 
are stable positions of equilibrium, for, owing to its radial organization, 
there is no alteration in the relation of the rhizome to gravity brought 
about by rotating it on its own axis. Furthermore, the positions B and D 
are both labile positions of equilibrium. If diageotropic orientation is the 
result of simple geotropic stimulation, and the growing part is free to 
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curve in any direction, a curvature should result in bringing the apical 
part of the organ to lie parallel with the horizontal axis of the klino- 
stat. If the diageotropism is accompanied by orthogeotropism, the latter 
can be eliminated on the klinostat and the diageotropism can still be 
apparent. But a true diageotropism has never been demonstrated in this 
way and it is in doubt whether it actually exists. Raw'itscher’s experi- 
ments with Asparagus plumosus in which the side shoots exhibit diageo- 
tropism certainly indicate that in this plant the conditions are complex. 
Thus, if a primary vertically directed shoot 
with its diageotropically directed side shoots 
is displaced through a right angle, the grow- 
ing tips of the side shoots all curve so that the 
tips come again to lie horizontally, but they 
do not curve half in one direction and half in 
the other, but are all directed towards the 
morphological base of the plant. If after some 
days the shoot system is replaced in its 
original position with the main axis again 
directed vertically, the side shoots which were 
on the physically upper side during the dis- 
placement now again curve so that the tips 
take up a horizontal position, but they are now 
directed upwards towards the main axis. The 
side shoots which were on the under side of 
the main axis during the displacement also 
curve, but they are directed away from the 
main axis. Again, if such a shoot system of 
Asparagus plumosus is displaced so that the 
main shoot points obliquely downwards, the 
tips of all side shoots at first curve in the upward direction. This curvature 
brings the tips of the side shoots on the under side to their stable hori- 
zontal position, but takes the tips of the shoots on the upper side farther 
away from it. But these latter now curve in the reverse direction so that 
they also come to be orientated horizontally. 

Among dorsiventral organs exhibiting diageotropism are many leaves, 
for example, those of Fragaria vesed , Viola odorata and Malva neglecta. 
Here also it is extremely doubtful whether a simple geotropic action will 
explain the normal orientation of these leaves, but no complete analysis 
of the phenomena involved has so far been achieved. Even the different 
parts played by lamina and petiole in bringing about orientation move- 
ments of such leaves are for the most part not recognized without doubt. 

In some shoots with a morphologically radial organization there 
appears to be physiological dorsiventrality in regard to geotropism. Thus 
diageotropic side stems of Alropa belladonna , when twisted through 180 ° 
C. so that the formerly upper surface now faces downwards, execute a 
curvature in the growing region so that the apex is directed horizontally 
inwards. If side shoots of Tams and Picea are similarly twisted, the 
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Fig. 55. — Scheme to illus- 
trate stable and labile 
positions of equilibrium 
of a diageotropic radially 
symmetrical organ 

(To distinguish the two sides of 
the organ , one is shown black, the 
other white; this is not intended 
to indicate any kind of dorsiven- 
trality. The arrow indicates the 
direction of the gravitational pull) 
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original position is regained by the apex owing to a torsion of the stem. 
In these conifers, although the stem itself is organized radially, the shoot 
as a whole exhibits a certain degree of dorsiventrality since the needles 
are a different size and differently orientated, on the upper and lower 
sides, respectively, of the shoot. 

PLAGIOGEOTROPISM 

Plagiogeotropism, using the word in its narrow sense so as to exclude 
diageotropism, refers to the special type of geotropism in which the rest 
position of the organ is such that the axis makes an angle other than a 
right angle with the vertical. The most familiar examples of plagiogeo- 
tropic organs are side roots of the first order which generally make an 
acute angle with the vertical. When these are displaced from their normal 
position they respond to the stimulus by a curvature which tends to re- 
orientate the growing apices in their original direction in relation to 
gravity. It is to be noticed that the angle made by side roots with the 
vertical is not constant from one lateral root to another, and in general 
the angle made by the root with the vertical increases with distance from 
the apex of the main root. Some side shoots and leaves also exhibit 
plagiogeotropism. 

As with diageotropism, so with plagiogeotropism, the question arises 
whether a true simple plagiogeotropism, in which the position taken up 
by the organ depends on gravity only, really exists. It may be noted 
firstly, that a plagiogeotropic organ can become orthogeotropic, as, for 
example, when the apical bud of a stem or the apical part of a root is 
removed and its place taken by a lateral branch. When this takes place 
the formerly plagiogeotropic organ becomes orthogeotropic. It has there- 
fore been suggested that plagiogeotropism is not inherent in the lateral 
branch, but that/ the branch is really orthogeotropic and that the actual 
position taken up by it is the resultant of orthogeotropism and some 
internal influence such as epinasty, but other explanations have been 
offered. Thus Lundegardh has supposed that the rest position of side 
roots is determined by the combined action of normal geotropism, length- 
ening force and negative geotropism. However, the analysis of the 
problem is extremely difficult and a discussion of it would be out of place 
here. 

THE SEAT OF GRAVIPERCEPTION 

In our consideration of the principles of irritability it has been men- 
tioned that the seat of perception of the stimulus is not necessarily the 
place of response. With growth curvatures the response must obviously 
occur in the region of growth, and direct observations show that these 
curvatures take place in cells undergoing elongation. That the seat of 
perception of the gravitational stimulus was not that of the response was 
suggested by Ciesielski’s experiments described in 1871 in which he found 
that decapitated radicles of seedlings of Pisum , Ervum and Vida , when 
placed horizontally, did not execute a geotropic curvature. If seedlings 
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with intact radicles were placed with these latter horizontal and were 
decapitated after a short time, the geotropic curvature took place. These 
results, which were confirmed and extended a few years later by Charles 
and Francis Darwin, strongly suggest that the seat of graviperception is 
in the root tip. It has been shown that decapitation or other injury to the 
root tip does not materially lower the growth rate of the root for a time, 
so that failure of the geotropic reaction in decapitated roots cannot be 
accounted for by suppression of growth. There is, however, still the 
possibility that the damage to cells in the root may constitute a ‘shock’ 
stimulus which, by conduction of the stimulation so produced, has the 
effect of suppressing the geotropic curvature. To overcome possible com- 
plexities introduced by decapitation Czapek devised his famous experi- 
ment in which seedling beans were rotated on the klinostat while the 
radicle was made to grow into a little glass boot so shaped that the apical 
part of the radicle came to make a right angle with the rest of that organ, 
including the growing zones. It was thus possible to subject the apex, 
but not the growing region, to gravitational stimulation, and vice versa. 
Czapek thought by this means to have shown that when the apex was 
directed horizontally the growing region executed a curvature, while 
when the growing region was horizontal and the tip directed vertically 
downwards no curvature took place, thus indicating that the root tip 
was the seat of perception of the stimulus, the stimulation being subse- 
quently directed to the seat of curvature, or motor part. However, 
repetition of Czapek’s experiments by several observers has always given 
negative results. Further, it has been pointed out that even if Czapek’s 
interpretation of his experimental results were correct it would not 
follow that the growing region behind the apex is insensible to gravity. 
If it were stimulated, only to a less degree than the root tip, the result 
recorded by Czapek would still be obtained, since in the plant with 
horizontal growing region and vertical root tip any slight curvature 
induced by stimulation of the growing region would bring the tip into 
a position in which it would be stimulated and so bring it back to the 
vertical. That this may indeed be so is indicated by the observations of 
Newcombe that curvature of decapitated roots can be induced by the 
action of centrifugal force if this is great enough, namely, of a magnitude 
8 to 40 times the force of gravity. 

Further confirmation of the view that perception of the gravitational 
stimulus is not confined to the root apex is obtained by the use of a 
method introduced by Piccard in 1904. In this a disk is rotated in a 
vertical plane about a horizontal axis and the seedling attached eccen- 
trically with the root directed at an angle over the axial line of the disk 
(cf. Fig. 56). When the disk is rotated at a speed sufficiently high to 
produce a reaction to centrifugal force, if both the apical part of the root 
and the more basal part are sensitive organs for graviperception the 
reaction of the apical and basal parts will then tend to be in opposite 
directions. Working with this method Haberlandt found that with seed- 
lings of Vida f aba, Phaseolus and Lupinus , if the apex projects to the 
85 
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extent of 1-5 to 2 mm. beyond the axis of rotation the root curves in the 
direction to be expected if only the tip were perceptive; if on the other 
hand only 1 mm. of the root projects beyond the axis of rotation the root 
curves in the direction to be expected if only the part of the root behind 
the apex were perceptive. This result is evidence that not only the apex, 
but the part of the root behind the apex including the growing zone, also 
perceives the stimulus. But since, owing to the shorter distance from the 
axis of rotation, the average intensity of stimulus is less in the apical 
region than towards the base, it follows that the perception or some early 
stage in the response, is much stronger in the apical region than in the 
region behind the apex. 

As regards the perception of the gravitational stimulus by negatively 
geotropic organs, Francis Darwin in 1899 found that when the coleoptile 
of certain grass seedlings, namely, those of Setaria and Sorghum , is pushed 
into a horizontal glass tube, the mesocotyl (see p. 514) first curves up- 
wards, and the curvature continues so that the mesocotyl curves into a 
spiral. This was held by Darwin to indicate that the coleoptile is the seat 
of geotropic perception in these plants, it being assumed that while the 
horizontal position is maintained the stimulation continues with the 
result that the curvature constituting the response continues as well. 

Further investigation on the localization of graviperception in Gram- 
ineae seedlings has been made by Piccard’s method. Francis Darwin in 
this way decided that the coleoptile must be the chief scat of perception 
in Sorghum , and the same result has subsequently been obtained in other 
grasses, as, for example, Setaria . In seedlings of Avena , Hordeum and 
Phalaris , Yon Guttenberg found that the apical part of the coleoptile is 
more sensitive than the basal part, and he estimated that in his experi- 
ments with Avena the apical region was about 6 times as sensitive as the 
base. It is likely that this ratio depends on the intensity of stimulation 
used and possibly on other internal and external conditions. 

It may be noted that the coleoptile is not only the perceptive organ, 
but that so long as it is capable of growth it is capable of reacting to the 
geotropic stimulus. But when the power of growth has ceased, obviously 
its capacity to react by means of a growth curvature also ends. 

The behaviour of a number of dicotyledonous seedlings, Brassica 
napus 9 Lepidium sativum , hinum usitatissimum and Vida saliva was 
examined by Herzog who concluded that over an apical region of the 
stem from about 11 to 18 mm. long the sensitivity was about the same, 
but the stem below this appears not to be perceptive although curvature 
reaction is possible in the region. 

From what has been written above, and from a number of scattered 
observations on geotropic curvatures resulting from stimulation of adult 
organs, such as branches of trees, it is clear that the older view that 
graviperception is localized in a very small region at the growing apex 
of young organs is no longer tenable, although it is true that these regions 
are much the most sensitive to geotropic stimulation. It may even be 
that every living cell is capable of geotropic perception, although often 
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the sensitivity may be very low. Whether this is a correct view or not, 
it is clear that a geotropic curvature can only take place in a region 
growing in length, while geotropic perception is generally greatest in the 
apices where, indeed, the first phase of growth, cell division, is active, but 
in which the phase of extension has not set in. Consequently there must 
very generally be a conduction of the excitation, and this, along with the 
fact that some appreciable time must elapse between perception of the 
stimulus and the observed response, and also the lack of any obvious and 
simple connexion between change in the relations of an organ to gravity 
and the resulting response, all indicate without a doubt that stimulation 
must set up a chain of reactions of which the observed curvature is the 
last link. Little enough is known of the nature of this chain of reactions, 
but a summary of our knowledge is given below. 

THE MECHANISM OF PERCEPTION OF THE GRAVITATIONAL 

STIMULUS 

The perception of the gravitational stimulus constitutes the first of 
that chain of actions which leads to the observed response. We must 
therefore inquire into what effect a displacement from the normal position 
in relation to gravity can have on the cells of the perceptive region. It is 
conceivable, as pointed out by Francis Darwin, that strains will result 
from this displacement which were not present in the cells previously, 
but as the same author remarked, it is clear that this cannot be the only 
means of graviperception as plants are still geotropic when supported 
throughout their length. 

Pfeffer considered that changes in pressure, or changes in position, 
of different parts of the cell, resulted from displacement of the organ 
stimulated, and constituted the actual stimulus. He regarded it as un- 
certain whether the liquid contents of the cell or more solid inclusions 
were responsible for the stimulation, but a theory that has obtained a 
considerable measure of support attributes to solid inclusions in the cell 
the part of perceiving the external stimulus. 

This theory is known as the statolith theory, and in its present form 
is largely due to Ilaberlandt and Nemec who put forward their opinions 
independently in 1900. According to them, the gravitational stimulus is 
perceived owing to comparatively heavy starch grains, free to move in 
the cell, falling, after displacement of the cell, to the lowest possible 
position, and there coming into contact with the protoplasm or internal 
plasmatic membrane (cf. Fig. 57). That starch grains do move in the 
manner described there is no possible doubt. Thus, in Fig. 58 is shown 
the distribution of starch in the endodermal cells of Allium cepa after dis- 
placement of the plant through a right angle. The moving starch grains 
are termed statoliths and the cells containing them statocytes. 

According to Miss Prankerd, throughout the plant kingdom other 
bodies, besides starch grains, are met with which arc free to move under 
the influence of gravity, and which can therefore be described as stato- 
liths. Thus Miss Prankerd distinguishes the following types of statocyte: 



538 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 




1. In one kind of statocyte the statoliths are starch grains which 
may be simple or compound, larger, the same size or smaller than the 
fixed grains in other tissues. This is no doubt the commonest type. 

2. In some statoeytes characterized by the presence of these amylo - 
statoliths the nucleus is differentiated both in size and staining capacity 
from those of neighbouring cells. 

3. In yet others the nucleus occupies a definite position in the cell 
and, though apparently free from the moving starch grains is itself free 
to move and so moves with them. 

4. The statoliths are starch-containing chloroplasts (chlorostatoliths). 

5. The nucleus is connected in some way with starch grains or starch- 
containing chloroplasts and the whole system appears to form a unit 
which moves under the influence of gravity. 

6. The statocyte is a cell elongated in the vertical plane and con- 
taining a thick strand of protoplasm with starch grains and a nucleus 
embedded in it and fixed to each end of the cell. On displacement from 
its normal orientation the whole strand of protoplasm with its inclusions 
swings to the lower side of the cell. This is probably a rare type. 

7. The statolith is a crystal of calcium oxalate usually occurring 
singly in the cell. This is probably also a rare type but has been described 
by Miss Prankerd as occurring in the nodes of the wheat plant. Here the 
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statocytes occupy more than half the total volume of the node and form 
a definite tissue. These statocytes are of two kinds; the more usual type, 
containing movable starch grains, form groups of cells adaxial to the 
vascular bundles, but the crystal statocytes of this seventh type form 
nearly the whole of the ground tissue. 

Probably yet other kinds of cell inclusions may function as statoliths. 
Thus N6mec recorded the presence of heavy bodies of unknown nature 
in the cells of the roots of Trianea and in the stems of members 
of the Characeae. Giesenhagen also observed in the rhizoids of Chara , 
bodies of unknown nature which moved under the influence of 
gravity. 

Evidence in support of the statolith theory has been sought (1) in 
the general correspondence between the capacity for graviperception 
and the presence of a statolith apparatus, and (2) by experiments in 
which the effect on graviperception of removal of the statolith apparatus 
is determined. 

With regard to the first line of approach there exists now a vast 
amount of evidence that in general where statoliths arc present the 
organ has the property of graviperception. Thus movable starch is 
present in such definitely graviperceptive organs as root tips and grass 
coleoptiles, but absent, as Haberlandt showed, from non-geotropic roots 
of Iledera , lloya and Ficus . Similarly, Tischler found that aerial roots 
of orchids are free from statolith starch and are non-geotropic. In the 
liverworts Nemec found general agreement between the possession of 
graviperception and the presence of statoliths. Thus in Pellia epiphylla 
the sporangiophore is very sensitive to the gravitational stimulus and 
statoliths are well developed; in P. calycina graviperception is feeble and 
the development of a statolith apparatus is poor, while in the sporangio- 
phore of Aneura pinguis both statolith starch and the power of geotropic 
perception appear to be absent. 

In the Gramincae it has been shown by Von Guttenberg that sensi- 
tivity to gravity runs parallel with the development of statolith starch. 
In particular Miss Hawker has examined the statolith apparatus in seed- 
lings of about 80 species including dicotyledons, monocotyledons and 
conifers. Over this very wide range of species she found a very close 
correlation between the development of statoliths and sensitivity to 
gravity. It may be noted that in roots the statoliths first appear in 
the root cap of the radicle, while in dicotyledonous seedlings the stato- 
liths in hypocotyls and epicotyls are usually limited to the cells of the 
endodermis. 

With regard to the statoliths of the endodermis of stems, it is stated 
that the moving starch grains disappear as the cells grow older and the 
region of stem containing them loses its power of growing in length. But 
in nodes of grasses the statolith apparatus persists, and as we have 
already seen for the case of wheat, may be very strongly developed. The 
retention of the power of geotropic response in this tissue has already 
been noted. 
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Reference has already been made to the bilateral symmetry in regard 
to geotropic sensitivity of certain seedlings, notably Lupinus spp. and 
Cucurbita pepo, Miss Hawker found in these seedlings that the statocytes 
are not isodiametric in transverse section, so that when stimulated in one 
plane the statoliths will fall on a smaller area of protoplasm than they 
would if stimulated in a plane at right angles, while they will on the 
average travel through a longer distance and so take longer to reach the 
layer of protoplasm at the base of the cell. In all such cases examined it 
was found that the more rapid fall of the statoliths on to the greater area 
of protoplasm takes place when the seedlings arc stimulated in the plane 
wherein sensitivity is greatest. 

A few cases are on record in which there is apparently no correspon- 
dence between graviperception and statolith development. Tischler, for 
example, found that non-gcotropic roots of Pyrola and Pistia contain 
movable starch grains. Also statoliths appear to be absent from most 
Thallophyta, and although it is true that geotropic sensitivity is, on the 
whole, poorly developed in the Algae, many Fungi exhibit strong geotro- 
pism. But that in vascular plants there is a close correspondence between 
sensitivity to gravitational stimulation and the development of a statolith 
apparatus seems to be well established. 

The second line of evidence in support of the statolith theory consists 
in experimentally altering the extent of statolith development and ob- 
serving the effect on graviperception. The decapitation of the root apex, 
or the removal of the cortex of the stem, including the statolith-contain- 
ing endodermis, while a very efficacious method of statolith removal, may 
in itself involve a ‘shock’ stimulus which renders the interpretation of any 
effects on graviperception difficult. The removal of statolith starch by 
inducing metabolic changes has also been attempted. Thus Haberlandt 
found that prolonged exposure of plants of Capsella, Linum and Ruta to 
low temperatures brings about the disappearance of starch from the 
endodermis. This is accompanied by a loss in the power of geotropic 
perception. Francis Darwin similarly found that exposure of seedlings 
of Setaria to high temperatures caused a disappearance of starch and a 
loss of geotropic irritability. But he found that phototropic irritability 
was lost at the same time, so that there is no evidence that the loss of 
geotropic irritability in this case is to be related to the disappearance 
of starch. Similarly, it is possible that the disappearance of starch and of 
geotropic irritability by exposure to low temperatures may also not be 
directly related. 

It may be significant that when plants are starved the moving starch 
in the endodermis is persistent, thus suggesting that it may play some 
part in the life of the plant other than that of a storage material. Fraulein 
Zollikofer succeeded in bringing about the removal of this starch, with- 
out unduly starving the plants, by continuous exposure of the latter to 
light for 2 to 4 days, followed by removal of them to the dark. In plants 
of Tagetes and Dimorphotheca removal of the statolith starch in this way 
was accompanied by loss of the power of geotropic reaction, and it is 
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important to note that the power to react to the stimulus of unilateral 
light was not lost except in cases where growth had stopped. 

Another type of experiment in which evidence in regard to the stato- 
lith theory has been sought consists in observing the behaviour of statolith 
starch in plants on a klinostat. Such experiments have led to very diver- 
gent conclusions. Thus Jost found that with rotation at low speeds just 
sufficient to produce a curvature in response to the stimulus of centri- 
fugal force there was no movement of starch. An experiment by Buder, 
on the other hand, suggests a different conclusion. A Lepidium seedling 
is placed with its root horizontal for 12 minutes so that the statoliths 
reach the lower side of the cells. The root is then rotated through 180° so 
that the former under side is now uppermost. After another 1 2 minutes 
the statoliths will have travelled to the other side. It might now be 
assumed that the two oppositely directed stimuli cancel one another. But 
the statoliths are now collected on one side of the cells and if the root is 
now alternately stimulated in these same two positions, but for so short 
a time that the starch has no time to move (10 seconds), and if this treat- 
ment is continued, the effect will be that the statoliths will remain on one 
side of the cells, and on the statolith theory we should therefore expect a 
curvature concave on this side, since the root will only be stimulated 
when this side is the lower. In Buder’s experiments this was actually so, 
and his results therefore support the statolith theory, but other workers 
have not confirmed his finding. The most recent experiments of this kind 
appear to be those of Fraulein v. Ubisch who, working with seedlings of 
Nasturtium, could find no general parallelism between the position of the 
statolith starch grains and geotropic perception. Taking all the evidence 
into consideration it can definitely be concluded that a wide parallelism 
exists between the possession of graviperception by an organ and the 
presence of statoliths. But there arc on record a number of instances in 
which no such parallelism is observable. Whether in these a statolith 
apparatus is indeed present, but possibly owing to the nature and size of 
the particles has so far escaped observation, or whether some entirely 
different mechanism is present, or whether the relationship between 
moving starch grains and graviperception is quite different from that 
usually supposed by upholders of the statolith theory, it is at present 
impossible to say. 

THE FIRST STAGE IN THE STIMULATIVE PROCESS 

If the statolith theory is correct it means that the actual stimulation 
of the protoplasm is effected by the pressure of the statoliths on it, and 
the falling of the statoliths is therefore to be regarded not as the first 
stage in the processes between stimulus and response, but preliminary to 
them. Whether the statolith theory is correct, or whether the stimulation 
is effected by a general displacement of cell contents consequent on 
turning it through an angle, we have still to find what the first conse- 
quence of stimulation is. It has been stated earlier that Verworn suggested 
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that the immediate response to stimulation is always a change in respira- 
tion rate. There is very little information available on this point. From 
qualitative experiments with Viciafaba Miss Schley in 1930 concluded 
that the respiration of a geotropically stimulated root is greater than 
that of an unstimulated one, while she also concluded that the rate of the 
respiration on the convex side is greater than that on the concave side 
throughout the whole period of perception and response. Later, Navez 
did indeed find that when a seedling of Vida faba is geotropically stimu- 
lated by being displaced through 90° there is a very considerable rise in 
respiration rate which in his experiment reached a maximum of approxi- 
mately 30 per cent, above the normal rate about 2*5 hours after the 
commencement of stimulation, after which it slowly and regularly fell to 
the normal value (cf. Fig. 59). It is very desirable that this observation 
should be extended to other material in order that it may be determined 
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Fig. 50. — Effect of geotropic stimulation on a geotropically stimulated root of Vicia faba 

(After A. E. Nuvez) 

if this increased respiration rate is a general phenomenon of geotropic 
stimulation. 

From measurements of the rate of movement of statolith starch 
grains in the endodermis of seedlings of Phaseolus maltiflorus under dif- 
ferent amounts of stimulation, G. and F. Weber decided that geotropic 
stimulation brought about a decrease in the viscosity of the protoplasm. 1 
Fraulein Zollikofer was, however, unable to confirm this result. 

Some writers have thought that geotropic stimulation brings about 
electrical changes in the protoplasm. Having regard to the colloidal 
character of the protoplasm, it is not improbable that disturbances in the 
relative position of particles in the cell consequent on its displacement 
may result in alteration of the changes on the various phases of the proto- 
plasm, but we have not, as yet, any definite evidence as to what these 
changes may be. 

INTERMEDIATE STAGES IN GEOTROPIC REACTION 
We have already seen that whether or not the stimulus of a changed 
orientation to gravity is transmitted to the protoplasm by means of 
statoliths or by other changes produced in the cell by its displacement, 
and whether or not the first result of stimulation is a change in respiration 
rate or in electrical conditions in the protoplasm, there is often a con- 
duction of excitation, since the region in which the stimulus is most 
1 It will, however, be observed that this method of estimating protoplasmic 
viscosity involves the assumption that the starch grains fall through the proto- 
plasm, whereas the statolith theory assumes that they fall on the protoplasm. 
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readily perceived is frequently not that in which the observed geotropic 
response takes place. 

There appear to be three ways in which conceivably the excitation 
might be conducted, by pressure, by an electric current or by the trans- 
ference of some chemical substance. All the available evidence indicates 
that the last of these possibilities furnishes the actual mechanism for 
the conduction of excitation, and that, indeed, growth regulators or 
hormones, similar to those which are active in various phenomena of 
growth (cf. Chapter XVI), function similarly in conducting gravitational 
excitation. 

As we shall see in the next chapter, the action of such substances in 
bringing about the conduction of phototropic excitation was indicated 
by Boysen- Jensen in 1910, and confirmed by subsequent workers. That 
a similar mechanism might be present in the case of geotropism was 
indeed suggested by this work on phototropism, and also indicated by 
experiments by Boysen- Jensen in which strong geotropic curvatures 
were produced in coleoptiles of Averm from which the apex had been 
removed and replaced by another apex fixed on with gelatin, and then 
stimulated, whereas only a feeble curvature was produced in similar 
decapitated coleoptiles left without any apex. It was further shown by 
Brauner in 1923 that when an unstimulated tip of a coleoptile of Avcna 
was fixed with a drop of water to the top of a geotropically stimulated 
but decapitated coleoptile, a curvature resulted. The reverse experiment 
was performed in 1924 by Stark, who showed that a geotropically stimu- 
lated tip can bring about curvature in an unstimulated stump. Keeble, 
Nelson and Snow have reported similar results with roots of Zea mais . 
A decapitated root, as indicated earlier in this chapter, is practically 
insensitive to the gravitational stimulus. Now Snow in 1923 showed that 
the sensitivity to gcotropic stimulation can be largely restored if the 
tip is replaced on the decapitated stump by means of a drop of water. 
Cholodny in the following year showed that restoration of the gcotropic 
sensitivity to decapitated roots of Zea mais was even better effected by 
coleoptile tips than by root tips. Keeble, Nelson and Snow found that if 
intact roots are stimulated, then decapitated, and the apices placed on 
the stumps of unstimulatcd decapitated roots, in a proportion of the 
roots a curvature is produced in the direction of the side of the tip which 
had been lowest during its stimulation. The same result was obtained if, 
instead of stimulated root tips, stimulated coleoptile tips were fixed to 
the decapitated roots. The curvature was again towards the side of the 
tip which had been lowest when stimulated. Again, when decapitated 
roots were stimulated and then unstimulated tips of either roots or cole- 
optiles placed on the stimulated stumps, a proportion of the roots curved 
in the direction of the side which had been lowest during stimulation. 

The hormone theory put forward by Cholodny and Went, and 
accepted by Keeble, Nelson and Snow, explains these results by supposing 
that in the tips of the root and coleoptile there is produced a grow r th- 
promoting substance, which under geotropic stimulation undergoes redis- 
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tribution so that the upper and under sides of the tip during stimulation 
contain different concentrations of the substance. The latter thus diffuses 
to the growing region in different concentrations on the two sides and 
therefore sets up unequal rates of growth on the two sides so that a curva- 
ture results. But since curvature will also take place in a stimulated 
stump attached to an unstimulated tip it would also appear that in such 
experiments the growth-promoting substance must diffuse in equal con- 
centration on all sides of the root tip and then in the stimulated stump 
become unequally distributed on the two sides. 

Cholodny found that the rate of growth of decapitated coleoptiles is 
accelerated by the addition to them of tips of either coleoptiles or roots; 
conversely the rate of growth of decapitated roots is retarded when either 
coleoptile tips or root tips are placed on them. This will explain the 
fact that roots and coleoptiles curve in opposite directions. In the root 
the excess of growth substance on the lower side thus leads to less rapid 
growth on that side and a positively geotropic curvature; in the coleop- 
tile, on the other hand, it leads to more rapid growth on that side and a 
negatively geotropic curvature. The observation of Keeble, Nelson and 
Snow that the placing of a coleoptile tip, root tip or half root tip eccen- 
trically upon the stump of a decapitated maize root leads to a curva- 
ture towards the side covered by the tip, is also in agreement with the 
hormone theory. 

Quantitative determinations of the amount of growth hormone in the 
tips of unstimulated and geotropically stimulated Arena coleoptiles and 
in the upper and lower halves of the tips of stimulated coleoptiles were 
made by Dolk in 1929 by the method indicated in Chapter XVI, that is, 
by allowing the growth substance to diffuse out from the tips into agar 
plates for a definite time and then observing the curvature produced by 
a unit quantity of the agar when placed over one side of the decapitated 
coleoptile stump. Dolk showed in this way that the total amount of 
growth substance in stimulated and unstimulated coleoptile tips is the 
same, but that in stimulated tips there is more of the growth substance 
in the lower half than the upper half. 

Similar experiments were made by Miss Hawker in 1932 with roots 
of Vida faba , with similar results. Here also gravitational stimulation 
brings about a greater concentration of growth substance in the lower 
part of the tip than in the upper. 

Finally, in support of the hormone theory of geotropism may be 
cited Boysen- Jensen’s observation that roots of Vida faba produced 
from seeds treated with erythrosin contain no growth substance and also 
have no power to react to gravitational stimulation. Later, formation of 
growth substance begins, and the roots then acquire the power to react 
to the stimulus of gravity. In roots of Pisum sativum seedlings developed 
from seeds similarly treated, the development of the growth substance is 
depressed and the roots fail to react to gravity, recovery of the power to 
react developing slowly with the formation of the growth substance. 
According to Miss Schley’s investigation on geotropically stimulated 
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roots of Vida faba , the sequence of changes which take place in a 
geotropically stimulated root is firstly increased respiration, secondly 
increased acidity, thirdly increased turgor and next increased production 
of hydrolysable sugars with a corresponding decrease in polysaccharides 
on the more actively growing side of the organ. It may be noted that 
Phillips found in stimulated nodes of Zea mais a greater percentage of 
water on the concave side during the early stages of curvature, followed 
by a higher percentage of water on the convex side. An investigation has 
been made more recently by Warner on the changes in sugar and acid 
content which occur in geotropically stimulated shoots of Ilelianthus 
annuus and Silphium pcrfoliatum and in etiolated shoots of Dahlia 
variabilis and Solanum tuberosum . According to Warner’s observations, 
geotropic stimulation of these shoots results in a higher content of 
reducing sugars in the convex under side than in the concave upper side. 
This difference in sugar content is not a consequence of mere curvature, 
for it does not occur in shoots passively curved without stimulation. The 
content of free acid was found to be greater in the upper side than in the 
under side of geotropically stimulated shoots of Dahlia . 

While wc can understand the changes in sugar content in stimulated 
organs observed by Schley and Warner in relation to increased growth 
on the convex side of the curving organ, the relation between these 
changes and the growth hormone is not clear. It has already been 
pointed out in Chapter XVI that the action of the growth substance 
appears to be on the cell-walls in the stretching zone. To what extent the 
changes in the content of sugars in stimulated organs are induced by the 
growth substance, or what degree of independence there is between the 
two sets of changes, is at present quite unclear. 

It will be observed that the work so far considered on the changes 
taking place as a result of gcotropic stimulation, all relates to growth 
curvatures. But it has already been noted that sometimes geotropic 
response takes the form of movement due to change in turgor. As we 
shall see in dealing with seismonic irritability there are cases known 
where stimulation results in the production of a hormone and in which 
the observed response is not a growth curvature but a variation move- 
ment due to changes in turgor of cells remote from the place of stimula- 
tion. It is therefore at least credible that in those cases where geotropic 
stimulation brings about variation movements that the conduction of 
the excitation is here also effected by a hormone which becomes unequally 
distributed at the seat of perception of the stimulus. Further, from the 
work of Phillips and Miss Schley already quoted, and from some much 
earlier work of Kraus, a change in water content of the two sides of the 
stimulated organ appears to be an accompaniment of geotropic curvature, 
so that there is the possibility that the hormone may always induce 
turgor changes, and very frequently the further change of differential 
growth rates on the two sides of the organ. 
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CHAPTER XXIII 


PHOTOTROPISM 

The curvature of shoots towards unilateral light is a well-known phe- 
nomenon and is exemplified by almost any plant growing in a room lit by 
a window on one side only. The response to the directional stimulus of 
light was formerly more generally known as heliotropism, but the term 
phototropism which is now usually employed is preferable, since the 
source of the light constituting the stimulus need not be the sun. The 
stems of higher plants arc generally positively orthophototropic, that is, 
the curvature resulting from the stimulus tends to direct the apex. of the 
responding organ towards the source of light. Particularly sensitive photo- 
tropic organs are the coleoptiles of grasses. Among lower plants the 
sporangiophores of the Mucorincae, and particularly those of Phyco- 
myces blakesleeanus, 1 are positively phototropic, and so are the stalks of 
the fructifications of many of the larger fungi. 

Many leaves orientate themselves so that they lie with their surface 
in a plane at right angles to the direction of the incident light; they are 
thus diaphototropic. Negative phototropism, on the other hand, appears 
to be much less common under natural conditions. Hubert and Funke 
found that in about half of 150 species they examined the roots exhibited 
phototropic irritability. Most of these were negatively phototropic. The 
roots of white mustard are notably so, while the roots of Allium exhibit 
positive phototropism. Negative phototropism is exhibited by the rhizoids 
of fern prothalli and of liverworts. As will be shown later, many organs 
may exhibit either positive or negative phototropism according to the 
intensity of the light. 

As with gcotropism, so with phototropic irritability, the kind of 
response depends on the nature of the stimulated material. Organs with 
the power to grow in length respond by executing growth curvatures; in 
others the response may take the form of a variation movement produced 
by turgor changes. Most motile organisms respond by active movements 
which are termed phototactic, and arc said to exhibit phototaxis. 

As noted in the last chapter, very many plant organs respond both 
to the stimulus of unilateral light and to gravity. So, for example, if a 
shoot growing vertically upwards is subjected to the stimulus of uni- 
lateral light a curvature will result so that the apex of the shoot tends to 
lie in the direction of the incident light. But inasmuch as this involves a 
deviation from the vertical it becomes subjected to the action of gravity 

1 The species usually described as Phycomyces nitem. 
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and its final position will depend on the operation of the two stimuli. In 
the investigation of phototropic irritability it may therefore be necessary 
to eliminate the action of gravity, which, as we have seen, may be accom- 
plished by the use of the klinostat. Thus, if unilateral light is allowed to 
fall for a dciinite period on a negatively orthogeotropic organ growing 
vertically, it will be subjected to the phototropic stimulus but not to the 
gravitational stimulus during that period. If, after stimulation, it is 
slowly rotated on a klinostat with horizontal axis, the gravitational 
stimulus will not be applied to the organ when it executes a curvature in 
response to the stimulation by unilateral light. 


THE COURSE OF THE PHOTOTROPIC REACTION 

The phototropic reaction, although practically universal in the shoots 
of higher plants, is very readily observed in the coleoptiles of members 
of the Gramineac, and these, particularly those of the oat, A verm saliva , 
have formed the favourite material for observations on phototropism. 
If such a coleoptile, growing vertically upwards, is exposed for a time 
to unilateral light and then rotated in the dark on a klinostat with 
horizontal axis, a curvature results on account of unequal growth on 
the two sides of the organ. There is a latent time, the first visible curva- 
ture occurring some time after the beginning of stimulation. This curva- 
ture commences at the apex of the coleoptile and extends gradually 
towards the base, so that the whole of the organ may be involved and 
the curvature may not be complete in 24 hours, although generally it 
has reached its maximum and an autotropie straightening of the organ 
has set in before this time has elapsed; the autotropic reaction is, how- 
ever, said to be generally weaker after phototropic than after geotropic 
reactions. 

The course of phototropic curvature is not a constant one, but varies 
with the quantity of light which falls on the stimulated organ, and not 
only the amount of curvature but also the latent time and the time 
taken for the maximum curvature to be reached depend on the quantity 
of light used in stimulating the organ. Further reference to this question 
will be made later. 

It has already been noted that gcotropic curvatures may take place 
in the nodes of grasses, a renewal of growth occurring in the nodal 
tissues, when subjected to the geotropic stimulus. A phototropic stimulus 
does not have this effect, but if the renewal of growth is first brought 
about by the geotropic stimulus, then a phototropic curvature can take 
place in those tissues that have regained the power of growth. On the 
other hand, a phototropic curvature will take place in the nodes of 
members of the Commelineae as a result of the stimulus of unilateral 
light alone. This again must involve a renewal of growth in tissues 
in which it had previously come to a standstill. 
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THE STIMULUS QUANTITY LAW 

With other conditions constant, the amount of response to unilateral 
light depends on the intensity and duration of the stimulus. The re- 
searches of Froschel and of Blaauw in 1909 show that, as with geotropic 
stimulation, the amount of response depends not on the intensity alone 
nor on the duration of stimulation alone, but on the quantity of light 
falling on the organ, the quantity being the product of the intensity of 
the light and its duration. Thus, as shown by Rutten-Pekelharing for 
graviperccption, the presentation time for the phototropic reaction of 
the colcoptile of Arena saliva varies inversely with the intensity of 
stimulation. This is indicated by some numbers obtained by Blaauw 
and summarized in Table CXIII. From this it would appear that over a 
very wide range of light intensities the minimum observable response 
is effected by approximately the same quantity of light. 


Table CXIII 


Relation between Intensity of Phototropic Stimulation and the Pre- 
sentation Time for Coleoptiles of Arena saliva 


Intensity of Stimulation 
in Metre-candles (MK) 


Quantity of 
Stimulus in Metre- 
Presentation Time candle seconds 
in Seconds (MKS) 


000017 
0 00085 
0 00477 
00898 
5-456 
1902 
26520 


154800 

26 3 

21600 

18 6 

8600 

17 2 

240 

21 6 

4 

21-8 

001 

19 0 

0 001 

26 5 


This relation only holds if all other conditions, both internal and 
external, are constant. In this connexion it is significant to note that 
whereas Blaauw in 1909 found the quantity of light necessary to produce 
an observable response in oat coleoptiles was about 21 MKS, Konrad 
Noack in 1914 found a value for the same quantity of 12 MKS, w'hile 
in 1922 von Guttenberg obtained a value as low as 2-3 MKS. These 
very great differences in observed sensitivity may be partly accounted 
for by possible differences in the composition of the source of light, for, 
as we shall see, the effectiveness of light is a function of the wave-length, 
but probably differences in external and internal factors have much to 
do with it. As regards external factors, temperature and the presence 
of injurious gases in the atmosphere may be operative. Internal factors 
are not so readily defined, but it may well be imagined that the seedlings 
used by different workers differed in constitution. It may further be 
noted that the coleoptile is not circular, but elliptical, in cross-section, 
and that, as shown by Du Buy and Nucrnbergk, the magnitude of the 
reaction is different according to whether the light falls at right angles 
to the long or to the short axis of the cross-section. There is thus a 



PHOTOTROPISM 549 

dorsiventrality in regard to response to phototropic stimulation in this 
organ. 

Although, at least within the limits indicated in Table CXIII, the 
same quantity of stimulus produces the same response under otherwise 
constant internal and external conditions, it does not follow that the 
amount of response is proportional to the quantity of stimulation, and 
indeed, this is far from being so. Actually, it was found by Arisz in 1915 
that with increase in the quantity of stimulus there was an increase in 
the response until the latter reached a maximum, which was found to 
occur in Arisz’s experiments when the quantity of stimulus was about 
200 MKS, after which, with increasing quantity of stimulus, the response 
fell off until with a stimulus of 10,000 MKS an initial positively photo- 
tropic curvature soon became reversed and a permanent negative curva- 
ture resulted. With a somewhat greater stimulus of 13,600 MKS the 
curvature was a negatively phototropic one from the commencement. 
With still greater quantities of stimulus the curvature was again positive. 
The values obtained by Arisz for the response to stimuli up to 2800 MKS 
are shown in Table CX1V. 


Table CXIV 


Influence of Quantity of Light used in Stimulation of Coleoptiles of 
Avena sativa on the Amount of Phototropic Curvature 


Quantity of Light 
in Metre-candle 
seconds (MKS) 
7-6 
12 4 
181 
26-4 
45 
65 
75 
100 
140 
237 
560 
1500 
2800 


Maximum Deviation of 
Col cop tile Apex in nun. 
. 0 7 

1 

. 16 
. 23 

. 3 

. 3 3 

. 4 

5 

. 4 7 

. 5 4 

. 4 

. 3 

. 12 


That the same organ might execute either a positively or negatively 
phototropic curvature according to the amount of stimulus was recorded 
as long ago as 1872 by N. J. C. Muller for seedling stems of cress ( Lepi - 
dium sativum), where, as in the oat coleoptile, the curvature was found 
to be positive in moderate values of the stimulus but negative when 
high values of the stimulus were employed. Later Stahl found a similar 
reversal in filaments of Vaucheria, while Oltmanns found that the 
sporangiophores of Phycomyces blakesleeanus exhibited the same phe- 
nomenon, and indeed that the reversal occurred with considerably lower 
stimulation than in Lepidium and barley ( Hordeum ). Indeed it may be, 
as Jost supposed, that every organ which is sensitive to the stimulus 
of unilateral light will respond with a positive or a negative curvature, 
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and which of the two results depends on the quantity of stimulus and 
other conditions. 

It seems probable that the stimulus-quantity law only holds within 
limits. If the intensity of the stimulus is very low, prolonged duration of 
its action does not, according to Arisz, bring about the negative curvature 
in Avena even when the quantity of stimulus exceeds 10,000 MKS. It 
may be noted that with as low a light intensity as 1-7 X 10 ~ 7 MK 
Richter observed a phototropic reaction in Vida villosa , but the actual 
quantity of stimulus employed is not on record. 

According to Castle, the reversal of the direction of curvature when 
sporangiophores of Phycomyces are subjected to high light intensities 
is due to infra-red radiation from the source of light and can therefore 
be regarded as negative thermotropism. Castle was able to show that 
when this infra-red radiation is removed by absorption with a copper 
sulphate filter, light of high intensity, devoid of the infra-red rays, does 
not produce the negative phototropic curvature, the sporangiophores 
remaining uncurved. The explanation offered by Castle of this ‘in- 
difference’ will be given later in this chapter. 

Summation of Sub-threshold Stimulations. It has already been noted 
in the case of geotropism that a series of sub-threshold stimulations will 
bring about a reaction if the time allowed to elapse between consecutive 
stimulations is not too great. The same has been shown to be true of 
phototropism. By placing between the source of light and the experi- 
mental organ opaque sectors which could be rotated at varying speeds 
(300 to 27,000 revolutions a minute), and which could be arranged so 
that from about 0-5 to about 0 03 of the incident light was cut off, 
Nathansohn and Pringsheim showed that, within the range of conditions 
in their experiments, the phototropic effect was always the same for 
the same quantity of light. Actually they used seedlings of Brassica , 
which were placed between a constant source of light on one side and a 
source partly obscured by the rotating sectors on the other. The position 
between the two lamps was found in which there was no phototropic 
response, indicating that the stimulus from the two sides must have 
been the same. It was found that always complete compensation resulted 
when the quantity of light falling on the two sides of the seedlings was 
the same, no matter what the speed of rotation of the sectors nor the 
amount of light cut off by the sectors, or in other words, the relative 
durations of the periods of stimulation and rest. We have seen that in 
the case of gravitational stimulation, Fitting found that if the period 
of rest is more than 5 times as long as the period of stimulation, the 
stimulations begin to die out before the rest periods are over, and the 
presentation time has to be increased. In the experiments of Nathansohn 
and Pringsheim, at any rate, the rest period can apparently be 82 times 
as long as the period of phototropic stimulation without the stimulus 
beginning to fade out. 

Sine Law. As with geotropic stimulation, so with phototropic stimu- 
lation, the sine law holds; that is, the intensity of the stimulus is 
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proportional to the sine of the angle made by the direction of the inci- 
dent light with the illuminated surface. 

Resultant Law. Similarly, just as when a geotropically irritable organ 
is stimulated by both gravity and centrifugal force the organ responds 
as if stimulated by a force equal to the resultant of the two, as given 
by the parallelogram of forces, so with phototropic stimulation by light 
impinging on the organ from two different directions the same law holds. 

Surface Area Effect. It was shown by Von Guttenberg that the 
screening from light of a portion of an Avena coleoptile on the illuminated 
side has the effect of increasing the presentation time in the same pro- 
portion; that is, the presentation time is inversely proportional to the 
area of equally sensitive tissue illuminated. 

Latent Time. The latent time for phototropic response varies greatly 
with different material. The phototactic response of actively moving 
zoospores and other bodies occurs in general a negligible time after 
stimulation and a measurable latent time is non-existent. The photo- 
tropic variation movements of some pulvini may occur within a minute 
or two of unilateral light falling on them. A longer latent time is the 
rule with growth curvatures, but in the case of sporangiophores of 
Phycomyces, it may, according to Oltmanns, be no more than from 
1 to 3 minutes. From Arisz’s observations on Avena coleoptiles it would 
appear that with a stimulus quantity of only 5 MKS the latent time 
may be as long as 100 minutes, but is reduced to about 70 minutes 
with a stimulus of 20 MKS and to about 10 minutes with 112 MKS. 
Although with a stimulus of 700 MKS a greater response resulted, the 
latent time was longer, namely, about 30 minutes. While the latent time 
thus varies with the value of the stimulus and possibly with other ex- 
ternal conditions, it would appear that on the whole the response to 
phototropic stimulation takes place considerably more rapidly than does 
the response to geotropic stimulation, where, as the numbers given in 
the previous chapter show, the latent time is rarely less than 30 minutes. 

THE INFLUENCE OF WAVE-LENGTH OF THE LIGHT ON 
PHOTOTROPIC STIMULATION 

A considerable number of observations were made from the years 
1842 onwards into the twentieth century with a view to determining 
the relative activities of the different wave-lengths of light in inducing 
phototropic response. Different observers were generally agreed that 
response was brought about by the use of light from the blue end of the 
spectrum, but the greatest divergence was displayed in the conclusions 
drawn with regard to the action of the longer rays of the visible spectrum. 
Thus Dutrochet in 1844 concluded that cress seedlings were insensitive 
to unilateral red light, but that other seedlings responded to its stimulus. 
While Sachs in 1864 decided that phototropic response could only be 
induced by blue light, Wiesner in 1879 decided that Vida seedlings 
reacted to light of all colours except yellow. 

86 
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Much of this earlier work is of no more than historical interest, for 
two reasons. In the first place, the coloured lights were rarely pure in 
the particular colour used, and secondly, no account was taken of the 
varying intensity of the light used in comparative experiments. In more 
recent years the question was reopened by Blaauw in 1909, who attempted 
to show that the divergence in the results of previous workers was due 
to neglect of the intensity factor. In his own experiments with Avena 
coleoptiles he found that with short periods of illumination response 
only took place with blue light, but that with prolonged illumination 
the reaction with the blue might be negligible, while curvatures were 
induced by ultra-violet and red radiation. It may perhaps be supposed 
that with prolonged action of blue light the stimulus is approaching the 
value where the primary positive curvature gives place to the negative, 
while with ultra-violet and red rays the action is much feebler and 
only with prolonged irradiation is the first positive curvature induced. 
Blaauw’s conclusions with regard to the relationship between wave- 
length and phototropic reaction of Avena coleoptiles are that with 
decreasing wave-length from the red to the green the action- is feeble, 
but that from 500 m/z it increases very rapidly with decreasing wave- 
length, a maximum being reached in the indigo at 465 m//, below which 
the sensitivity decreases slowly. With sporangiophores of Phycomyces 
Blaauw obtained a generally similar result. 

A careful examination of the reaction of Pilobolus sporangiophores 
to light of different wave-lengths was made by Miss Parr in 1918. Miss 
Parr experimented with the sporangiophore in its most sensitive con- 
dition, which is reached just before the tips begin to swell to produce 
the sporangia. She obtained light of different wave-lengths by splitting 
up white light from an electric lamp (Nernst or 200 Watt nitrogen-filled 
tungsten filament Mazda). The intensity of radiation was measured by 
means of a thermopile. The period of stimulation required to produce a 
curvature in half the sporangiophores of a sample within 1 hour was 
measured for various ranges of wave-length. The curvatures observed 
were probably the second positive curvature. The results with the lights 
from the Nernst lamp are shown in Table CXV. Similar results were 
obtained with the Mazda lamp. 

These results show that although with decreasing wave-length of 
light the intensity of the incident light regularly decreased, the period 
of stimulation required to produce the same response also decreased. 
Hence with decreasing wave-length, light becomes regularly more 
effective in inducing phototropic curvature. Judging from the numbers 
given in Table CXV, blue light is roughly 15 to 20 times as effective as 
red light, and violet light about 50 times as effective as red light. 

The phototropic sensitivity of the Phycomyces sporangiophore to 
light of different wave-lengths has been recently investigated by Castle. 
His results agree on the whole with those of Miss Parr, for he concluded 
that in the visible spectrum the sensitivity decreased with increase in 
wave-length, light at the red end of the spectrum having only 0-12 
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Table CXV 


Response of Sporangiophores of Pilobus to Light of Different 

Wave-lengths 








Intensity of 


Range of Wave- 


Mean Wave- 

Colour 

Light in ergs 

Period of 

length in m/j 


length in m/* 

per sq. cm. 

Stimulation 







per sec. 


712-704 




708 

Red 

1*616 

78 

605 638 




667 

»» 

1 097 

76 

647-616 




631 

Orange 

0*647 

75 

660 564 




612 

i » 

0*344 

73 

625-553 




589 

Yellow 

0*305 

72 

619-551 




585 


0*295 

72 

570-510 




540 

Green 

0*149 ; 

69 

543-507 




523 | 


0*128 

67*5 

510-482 




496 1 

Blue 

0*097 

65 

479-461 




470 i 

99 

0 077 

63 

472-458 




464 

Indigo 

0*063 

62 

444-432 




437 

»> 

0*055 

60 

430-408 




414 

Violet 

0 038 

56 

410-385 




398 ; 

1 

! 

! 
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per cent, of the activity of that of violet light in inducing phototropic 
curvature. He found, however, maximum sensitivity with violet light, 
for sensitivity in the ultra-violet was somewhat less than in the violet. 
Results confirmatory of Castle’s work were obtained by Wiechulla. 


INFLUENCE OF EXTERNAL CONDITIONS ON PHOTOTROPIC 

IRRITABILITY 

As with the reaction to the stimulus of gravity, so with phototropism, 
the response is much influenced by external conditions, including tem- 
perature, light and oxygen concentration. 

Temperature . The influence of temperature on the reaction of coleop- 
tiles of Avena saliva to the stimulus of unilateral light was investi- 
gated by Miss de Vries in 1914. The seedlings were subjected to particular 
temperatures for different lengths of time, and the quantity of light 
necessary to produce a standard curvature (a deviation of the coleoptile 
apex of 1*5 mm. from the vertical) was determined. The results obtained 
are summarized in Table CXVI. It will thus be seen that the length of 
time for which the seedlings are maintained at the experimental tem- 
perature does not influence the sensitivity of the coleoptile to the 
phototropic stimulus between the temperatures of 0° and 25°. From 
27*5° to 30° the sensitivity is considerably increased by maintenance 
at these temperatures. At 31° again the sensitivity is uninfluenced by the 
length of time for which the seedlings are maintained at this tem- 
perature, but at still higher temperatures the sensitivity falls off with 
continued duration of the temperature. These results are thus similar 
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TabU CXV1 

Influence of Temperature on the Quantity of Light necessary to produce 
a standard Phototropic Curvature of the Coleoptiles of Avena sativa 


Temperature in 
Centigrade 

Quantity of Light in MKS necessary to produce a Standard Curvature after 
these periods at the Respective Temperatures 

degrees 

1 hour 

2 hours 

4 hours 

0 hours 

12 hours 

18 hours 

24 hours 

48 hours 

2 

200 

200 

_ 

_ 

_ 






0 . . 

160 

160 

160 

160 

— 

— 

— 

— 

5 . . 

70 5 

70 5 

70 5 

70 5 

— 

— 

— 

— 

10 . . 

52 5 

52-5 

52 5 

52 5 

— 

— 

— 

— 

15 . . 

24 5 

24 5 

24-5 

24-5 

— 

24 5 

— 

245 

20 . . 

20 

20 

20 

20 

— 

20 

— 

— 

25 . . 

9-5 

9 5 

9 5 

9-5 

— 

9-5 

— 

— 

27 5 . . 

9 2 

7 2 

5-6 

4-8 

4 

4 

4 

— 

30 . . 

8 

6 

4 

3 

2 

2 

2 

2 

31 . . 

8 

8 

8 

8 


i 8 

— 

— , 

32 5 . . 

9 2 

12 

13 6 

14 4 

— 

14 4 


i 

35 . . 

10 

15 

20 

22 

25 

26 

26 

26 

37 . . . 

40 

64 

80 

88 

— 

92 

92 

— 

375 . . 

48 

72 

104 

120 

. — 

176 

184 

184 

38 . . 

56 

84 

128 

160 


272 

320 

i 

39 . . 

120 

176 

240 

280 

— 

| 400 

— 


40 . . 

1680 

— 

— 

! — 

— 

1 — 

— 

— 









i 

1 __ _ 


\ _ 

_ 


to those recorded for geotropic stimulation (cf. p. 521) and can be 
regarded as due to the operation of a ‘time factor’ similar or analogous 
to that operating in metabolic processes. Up to 30° C. the results, accord- 
ing to Miss de Vries, suggest a mean temperature coefficient (Qi 0 ) of 
about 2-6. 

The latent time is also affected by temperature, the time decreas- 
ing with temperature from 5° to 30°, above which it rapidly increases 
with rise of temperature. Miss de Vries’s results, in which perception 
and reaction took place at the same temperatures are summarized in 
Table CXVII. It will be observed that length of time to which the 
seedlings were subjected to the various temperatures before stimulation 
had little effect on the latent time with temperatures below 85°, but at 
this and higher temperatures the time taken for the curvature to be 
brought about was increased with increase of pre-heating at the higher 
temperature. 

Light. It has been found that the response of a plant to unilateral 
light is greater if it has been previously kept in complete darkness than 
if it has been exposed to (uniform) light previous to stimulation. Now if 
we have a fixed source of light and a plant is rotated near it on the middle 
of a klinostat with a vertical axis in such a way that the plant remains 
in the same horizontal plane with the source of light, the plant will be 
subjected to illumination by the same quantity of light on all sides. By 
stopping the klinostat in a desired position, the plant can then be stim- 
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Table CXVII 

Influence of Temperature on the Latent Time for 
Phototropic Reaction of Coleoptiles of A vena sativa 


Latent Time in Minutes after these periods at the Respective 


Temperature 
in Centigrade 

Temperatures before Stimulation 

degrees 

1 hour 

2 hours 

0 hours 

18 hours 

5 . . 

300 

300 





10 . . 

180 

— 

180 

— 

15 . . 

120 

— 

120 

— 

20 . . 

90 

90 

90 

90 

25 . . 

80 

— 

80 

— 

30 . . 

70 

60 

60 

60 

35 . . 

100 

— 

120 

150 

37 . . 

360 

540 

— . 

j 720 

38 . . 

00 

— 

— 



ulated by unilateral light. In this way Arisz exposed Avcna coleoptiles 
to the equivalent of uniform illumination of 30 MK for various periods 
before stimulating them with unilateral light. With pre-illumination up 
to 7200 MKS it was found that the sensitivity to the action of unilateral 
light declined so that the stimulus necessary to produce the same re- 
sponse had to be increased. With further increase in the quantity of 
pre- illumination the sensitivity again increased. Arisz’s experimental 
findings arc summarized in Table CXVIII. 


Table CXVIII 


Effect of Pre-illumination of Coleoptiles of Avcna sativa on Sensitivity 

to Unilateral Light 


Amount of Pre-illumination 
in MKS 


Amount of Light required to produce 
Standard Response in MKS 


0 

600 

000 

1800 

7200 

27.000 

54.000 

432,000 


20 

200 

365 

800 

2500 

1200 

800 

600 


The same result is obtained if the organ is stimulated by different 
quantities of light on two opposite sides. It may be noted that the effect 
of pre-illumination is not permanent. Arisz found that even I minute 
after illumination with 2500 MKS the effect was lessened, while after 
1 hour it had disappeared. 

Oxygen. In 1878 Wiesner found that seedlings of Lepidium sativum, 
Sinapis alba, Phaseolus multiflorus and Vida sativa were unable to 
execute phototropic curvatures in an atmosphere devoid of oxygen. 
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Correns in 1892 recorded that for seedlings of Helianthus to respond to 
phototropic stimulation a concentration of at least 1 per cent, oxygen 
was necessary, while response in seedlings of Sinapis alba only took place 
if as much as 6 per cent, oxygen was present. 

In her experiments on the influence of oxygen on phototropic 
irritability, Miss van Ameijden obtained similar results to those she 
obtained with regard to geotropic stimulation. When seedlings of Avena 
sativa or Sinapis alba arc kept in an atmosphere of nitrogen, they are 
unable to execute a phototropic curvature. If, however, the seedlings 
are kept for a comparatively short period, say 3 hours, in nitrogen, then 
stimulated in nitrogen and air re-admitted, a curvature results. If the 
seedlings after 8 hours in nitrogen are stimulated in air a phototropic 
curvature results, but the response is less than that of seedlings not 
subjected to the pre-treatment with nitrogen. If, however, the stimulus 
is given in nitrogen there is no response, even if the seedlings are trans- 
ferred to air immediately. 

It would thus seem that the power of perceiving the phototropic 
stimulus is not immediately lost when oxygen is withdrawn, but gradu- 
ally disappears with continued absence of this gas. The presence of 
oxygen is necessary for the reaction to take place. 

Various Gases . The gases that reduce sensitivity to the gravitational 
stimulus probably affect phototropic irritability in the same way. 
Among such substances are ethylene, acetylene and perhaps other 
constituents of coal gas. 

CHANGES IN PIIOTOTROPIC IRRITABILITY DURING 
DEVELOPMENT 

No quantitative estimations of the changes in sensitivity to the 
stimulus of unilateral light have been made comparable with those 
obtained in regard to graviperception. Nevertheless, there is a certain 
amount of information available indicating that similar changes in 
sensitivity to light take place during development. Thus Miss Parr men- 
tions that the sensitivity of Pilobolus sporangiophores to the photo- 
tropic stimulus decreases as the tips of these organs swell. The sensitivity 
of Phycomyces sporangiophores also decreases with age. 

In quite a number of cases the direction of curvature changes as the 
organ develops. Thus the flower stalks of Linaria cymbalaria are positively 
phototropic under their natural conditions of growth, but by the time 
the fruiting stage is reached the same stalks are negatively phototropic. 
A somewhat similar change occurs in the behaviour of the flower stalk of 
Tropaeolum . 

DIAPHOTOTROPISM AND PLAGIOPHOTOTROPISM 

A number of radial plant organs orientate themselves with their 
axes at right angles to the direction of the incident light and are thus 
diaphototropic. Many leaves and other dorsiventral organs take up a 
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position determined by the direction of the light, and very frequently 
they can be described as diaphototropic inasmuch as they come to lie 
with their surfaces in a plane at right angles to the direction of the 
incident light. 

Among radial organs which appear to take up a position at right 
angles, or at some other angle, to the incident light are the shoots of the 
ivy ( Hedera helix), Atropa belladonna , Pellionia , Goldfussia anisophylla 
and Selaginella , but no analysis, approaching completeness, of the 
factors determining the orientation of these shoots has been made, so 
that the parts played respectively by gravity and light in determining 
the direction of growth of these organs is generally not clear. In Hedera 
and some other plants, such as Cucurbita pepo and Linaria cymbalaria , 
unilateral illumination induces a dorsiventral structure in the shoot. 

The orientation of some leaves, such as those of Erica , appears to be 
independent of external conditions and determined solely by the relation 
of the leaves to the stem which bears them. Other leaves take up a 
position determined by the direction of the incident light, some with 
the surface of the leaf in a plane at right angles to the direction of the 
incident light, others with their edges directed to the source of light, 
so that they lie in a plane parallel to the direction of the light, while yet 
others are orientated with their surface at right angles to light of lower 
intensities, but come to direct their surface in a plane parallel to the 
direction of strong light. In the so-called ‘compass plants’ such as Lactuca 
scariola investigated by Stahl and more recently by Karsten, the leaves 
lie in the north to south plane, and as in other cases of orientation to 
light, the arrangement appears to be of ecological significance. In these 
plants the surface of the leaf is exposed to approximately the full light 
intensity during the morning and evening hours, while the edge of the 
leaf is exposed to the direct rays during the hours of most intense illumin- 
ation, when the full strength of light might adversely influence the leaf 
tissues. 

In open sunny habitats sheltered from the wind the leaves of Aster 
linosyris were found by Huber to be directed towards the south, and 
he suggested the term ‘gnomon plants’ for such cases. 

In many rosette leaves the surface takes up a position at right angles 
to the direction of the light; as, for example, in species of Plantago , 
Rurnex and Primula . Such leaves in the dark, according to Frank, exhibit 
orthogcotropism, and he supposed that their normal position in the 
light was due to the combined action of diaphototropism and negative 
geotropism, the action of the former predominating. However, more 
recent investigations have shown that light may affect geotropic reaction, 
and it is possible that in some cases of apparent diaphototropism, 
actually an organ which is orthogeotropic in the dark becomes through 
the action of light diageotropic, without the direction of illumination 
having any direct effect in determining the orientation of the organ. 

The thallus of Marchantia apparently provides an example of this 
kind. Here the dorsiventrality itself is first induced by light, but when 
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permanently established the thallus in higher light intensities orientates 
itself at right angles to the direction of the incident light and thus takes 
up a diaphototropic position. In darkness the thallus exhibits negative 
orthogeotropism, but when subjected to the action of unilateral light the 
thallus approaches the horizontal position more and more with increasing 
light intensity. The simplest explanation of this behaviour is that of 
Frank, according to which with increasing light intensity the diaphoto- 
tropic action predominates more and more over the geotropic action. 
But Sachs found that when the thallus was rotated in diffuse light on a 
disk so that it was subjected to a centrifugal force 3*2 times that of 
gravity, the growing region became orientated at right angles to the 
direction of the force and so exhibited diageotropism. But whether the 
thallus is also truly diaphototropic is not clear. 

Charles Darwin emphasized the diaphototropic behaviour of the 
cotyledons of many plants. Thus he pointed out that if seedlings are 
exposed at a window the hypocotyls, being phototropic, bend towards 
it, and the upper surface of each cotyledon is thereby maintained at 
right angles to the direction of the light. But if the hypocotyl is'fixcd, 
the cotyledons still orientate themselves at right angles to the direction 
of the light by means of a torsion executed by the petioles. The same 
behaviour was noted by Frank for many foliage leaves. 

The movements of leaves in response to the stimulus of unilateral 
light are chiefly brought about by changes in the petiole (cf. Fig. 60). 
Thus in Sparmannia africana, a plant in which the leaf laminae orientate 
themselves at right angles to the direction of the incident light, the 
region of greatest curvature is at about 1 cm. from the basal end of the 
petiole, which is about 12 cm. long. Sometimes the lamina itself may take 
part in the curvature, but as the curvatures are generally due to unequal 
growth on the two sides of the organ they are naturally limited to regions 
in which growth is still possible. Where the orientation of leaves in 
relation to the direction of the stimulus is such that the petiole must 
twist itself in order that the lamina may take up the appropriate position, 
a torsion is executed. The mechanics of such torsions are far from being 
understood at present, but they also arc due to differential changes in 
growth rate. Turgor changes are also responsible, wholly or in part, for 
some phototropic leaf movements. For example, in leaves of Malvaceae, 
investigated in 1888 by Vochting, movements are due partly to turgor 
changes in the cells of the pulvinus and partly to differential rates of 
growth in the petiole. 

THE SEAT OF PERCEPTION OF THE PIIOTOTROPIC STIMULUS 

As so much of our knowledge of phototropism is based on experi- 
ments carried out on seedlings of Gramineae, it is not surprising that 
it is on this material also that much of the work on the localization of 
perception of the stimulus of unilateral light has been carried out. The 
first experiments to this end appear to be those made by Charles and 
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Francis Darwin on Phalaris canariensis and Avena saliva. Opaque caps 
of tin-foil or blackened glass were placed over the tips of the coleoptiles, 
which then failed to execute a curvature in the direction of the incident 
light. But Rothert later showed that although the tip is the most per- 
ceptive part of the coleoptile, the base is not completely insensitive. A 
more complete examination was subsequently made by Sicrp and Sey- 
bold in 1926 and by Lange in 1927. These workers determined the 
presentation time when different zones of the coleoptile of Avena seed- 
lings were illuminated with the same light intensity. The results of Sierp 
and Seybold are shown in Table CXIX, where sensitivity is taken as 
inversely proportional to the presentation time. It will be observed that 
the apical J mm. of the coleoptile is 3600 times as sensitive as the basal 
region 2 mm. below the apex, while if we further take into consideration 
the estimated number of illuminated cells in each zone, a cell at the apex 
must be approximately 36,000 times as sensitive as a cell towards the 
base. 

Table CXIX 

Distribution of Sensitivity to Unilateral Light of Coleoptiles 

of Avena saliva 


Distance of Zone 
from Apex in mm. 

Relative 

Sensitivity 

Number of 
Illuminated Cells 

Relative 
Sensitivity of 
Individual Cell: 

0 -0*25 . . 

3600 

100 

36,000 

025-0 50 . . 

300 

300 

900 

0 50 0 75 . . 

70 

500 

140 

0-75-1 00 . . 

1 18 

1000 

18 

1 00-1 25 . . 

I 7 

1000 

7 

1 25 1 50 . . 

! 4 

1000 

4 

1 50-1-75 . . 

1 3 

1000 

3 

1 75-2 00 . . 

1 21 

1 1000 

2 1 

2 00 — > . . 

i 1 

i 1000 . 

1 

1 


Lange, who claimed to have used an experimental arrangement 
and a method of calculation giving greater exactitude, also found a 
considerable fall in sensitivity to light with increasing distance from 
the apex, and the fall was of the same order as that found by Sierp and 
Seybold. His results are summarized in Table CXX. 

Rothert also showed that in Setaria , Sorghum and Panicum the 
power of perception of the stimulus is confined to the coleoptile (called 
by him the cotyledon) while the curvature in response to the stimulus 
is mainly, though not entirely, executed by the mesocotyl (the hypo- 
cotyl in Rothert’s terminology). But it was subsequently recorded by 
F. A. F. C. Went that the mesocotyl here also has the capacity to per- 
ceive the stimulus, but is much less sensitive than the coleoptile so 
that a much greater stimulus than has to be applied to the coleoptile 
must be applied to the mesocotyl to produce a response. This has lately 
been confirmed by Buch for members of the Paniceae. 
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Table CXX 

Distribution of Sensitivity to Unilateral Light of Coleoptiles 

of Avcna sativa 


Distance of Zone 
from Apex in mm. 

0 - 0-1 
01 - 0-2 
0 2 - 0-3 
0 - 3-0 4 
04-0 5 
0 - 5-06 
0 - 6 - 0-7 
0 - 7 - 0-8 
0 - 8-09 
0 9-10 


Relative 

Sensitivity 

6475 

5665 

4106 

3046 

1749 

734 

382 

179 

118 

79-1 


00 - 0 5 
0 5-10 
10-15 

1 - 5-2 0 


3887 
287 
25 3 
2 47 


0 0-10 
10-2 0 
2 0-30 


2304 
14 3 


1 25 


In the hypocotyl of dicotyledons the region most highly perceptive 
of the phototropic stimulus is the upper part of the organ, but the rest 
of it is not insensitive. Rothert further showed that in shoots of Dahlia 
covering the stem apex with an opaque cap reduced the sensitivity to 
unilateral light but did not eliminate it, so that here again it may be 
concluded that while the stem apex is the most sensitive region, the 
stem below has also some power of perception. 

Experiments have been carried out by many workers to determine 
whether the seat of perception of the stimulus in diaphototropic leaves 
is in the petiole or the lamina. Thus Charles Darwin covered the laminae 
of leaves of Tropaeolum majus and Ranunculus ficaria with black paper 
and concluded that the diaphototropic movements were then carried 
out to the same extent as by uncovered leaves. These observations 
were confirmed for Tropaeolum by Rothert and were extended by Krabbe 
to Fuchsia and Phaseolus , the same behaviour in the latter species 
being also observed by Haberlandt. According to the last-named worker, 
however, the diaphototropic reaction in Tropaeolum is not complete in 
leaves protected from the light by black paper, while in Begonia discolor 
and Monstera deliciosa the leaves can orientate themselves normally 
when the petiole is covered with tin-foil and the lamina exposed. The 
same was found by Vochting to apply to Malva verticillata . The more 
recent work of Ball indicates that in Oxalis macra the petiole is strongly 
phototropic and will execute a strong curvature after the lamina has 
been removed. In Sparmannia africana , on the other hand, both the 
lamina and the petiole perceive the stimulus of unilateral light. It must 
therefore be concluded that in some species both petiole and lamina have 
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the power of perceiving the stimulus of unilateral light, while in other 
species either the petiole or the lamina is the predominatingly perceptive 
organ. Where the stimulus is perceived by the lamina there must be a 
conduction of excitation as the movement is brought about by changes 
in the petiole which executes a curvature or a torsion or a combination 
of the two. 

Again, in the leaves of Malvaceae referred to earlier, in which move- 
ment is brought about partly by turgor changes in the pulvinus and 
partly by growth curvature of the petiole, variation movements of the 
pulvinus can be induced not only by unilateral light falling on the 
pulvinus itself, but also by light falling on the leaf lamina. Here also 
there must be a conduction of excitation from lamina to pulvinus. 

THE MECHANISM OF PERCEPTION OF THE PHOTOTROPIC 

STIMULUS 

As long ago as 1832 de Candolle suggested that the curvature of 
stems towards a source of light could be explained as due to the more 
rapid growth through etiolation of the side remote from the light. But, 
as Sachs pointed out, this theory will not explain the negative photo- 
tropism of roots which grow more rapidly in the dark than in the light; 
further, phototropic response takes place in translucent organs such as 
fungal hyphac, in which the difference in light intensity on the two 
sides is too slight for the curvature to be brought into line with etiolation 
in this way. Sachs himself thought, from the similarity of geotropic and 
phototropic behaviour, that as with the former curvatures, so with 
phototropic ones, the important point was the direction in which the 
light passed through the plant, and not that one side was illuminated 
more strongly than the other. While in any case it is difficult to under- 
stand how light can maintain a direction in a complex medium such 
as a cellular plant organ, experiments made by Charles and Francis 
Darwin and later by von Guttcnberg effectively disposed of the light 
direction theory. If one half of a phototropically sensitive organ such as 
an oat coleoptile is shaded from light while it is illuminated equally from 
opposite sides, so that the direction of the light is at right angles to the 
plane joining the middle of the shaded half and the middle of the un- 
shaded half of the organ (cf. Fig. 61) the organ curves in this plane 
directly away from the shaded part, and so at right angles to the direction 
of the incident light. The reaction thus appears to be determined by the 
different quantities of light falling on the two sides of the organ. The 
results of experiments described by Buder in 1920 confirm this conclu- 
sion. When a longitudinal half of an oat coleoptile is shaded from the 
light and is then illuminated from above the organ curves away from 
the shaded side. In another, and ingenious, experiment made by the 
same worker the coleoptile was illuminated from within. In a detached 
coleoptile a fine cylindrical glass rod, silvered on the outside, was in- 
serted longitudinally through the greater length of the coleoptile. 



562 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


Through this rod by means of mirrors a narrow beam of light was 
thrown. At its upper end, in the apex of the coleoptile, the rod was bent 

so that the light entered the coleoptile 
tissues from within and at right angles 
to the surface. When subjected to the 
action of unilateral light in this way a 
curvature resulted so that the illumi- 
nated side was concave. The curvature 
is thus away from the source of light, 
but the illuminated side, as when the 
coleoptile is illuminated from without, 
grows less rapidly than the non-illumi- 
natcd side. 

The most convincing evidence that 
photo tropic curvature results from 
the direct effect of impingement of 
light of different intensities (or rather 
of different quantities of light) on the 
two sides of the organ is provided by the work of Blaauw, who 
showed how the curvature was the result of the light-growth 
reaction. It has already been observed (p. 411) that when the 
sporangiophore of Phycomyces is illuminated equally from four sides 
for a short time, the rate of growth of the sporangiophore increases 
after a short time, reaches a maximum and then slows down to the 
normal value. When illuminated on one side only the two sides will 
receive different quantities of light and the light-growth reactions on 
the two sides of the sporangiophore will be different and a curva- 
ture will result. Blaauw held that owing to the cylindrical form of 
the sporangiophore and the refractive index of the contents the rays of 
light are refracted so that actually the side of the sporangiophore remote 
from the source of light is more strongly illuminated than the side 
nearer the source of light. Consequently the farther side grows more 
rapidly than the near side, since in Phycomyces the light-growth reaction 
is positive, and a positively phototropic curvature results. Confirmation 
of this view is provided by the observation of Buder that when the 
sporangiophores are placed in liquid paraffin (‘paraffin oil’), owing to 
the refractive index of the latter, unilateral light no longer tends to be 
focused on the side remote from the light and the side towards the 
source of light is now the more strongly illuminated. And corresponding 
to this, the near side now grows more rapidly than the remote side and 
the curvature is phototropically negative. 

Further, it has been noted earlier that whereas with low light inten- 
sities the sporangiophore of Phycomyces is positively phototropic, with 
higher light intensities the organ executes a negatively phototropic 
curvature. This change in the direction of curvature corresponds with 
changes in the light-growth reaction with increasing light , quantity . 
Whereas with comparatively low light intensities the reaction is positive, 



D 

Fio. 01. — Diagram to illustrate the 
direction of response of the coleop- 
tile of Avena when this is partly 
shaded and illuminated from two 
opposite sides 

L indicates the direction of incident light, 
D the direction of curvature 
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in higher intensities the reaction is negative, the exposure to the light 
resulting in a lowering of the growth rate. 

More recently, in 1930, Castle has described experiments in which 
sporangiophores of Phycomyces illuminated from above were compared 
with others illuminated laterally. It was found that with equal quantities 
of light the growth reaction and the phototropic curvature always 
synchronized, and the conclusion is drawn that the tropic curvature and 
the growth reaction are induced by the same light-sensitive system. In 
the next year he showed that phototropic indifference, that is, failure to 
produce a curvature, occurred over a wide range of exposures to light, 
namely, from 104-6 foot-candle seconds upwards. But over this range 
exposure to unilateral illumination produced a distinct growth reaction. 
Indifference to phototropic stimulation is therefore not due to the 
absence of a light-growth effect but is characterized by a failure of the 
light to produce differential rates of growth on the two sides of the 
sporangiophore. With exposures below the lower limit mentioned above, 
the latent time is longer the shorter the exposure. The conclusion is 
therefore drawn that with these shorter exposures insufficient chemical 
change takes place to promote the maximum rate of the processes 
involved during the latent period, but that with an exposure of 104-6 
foot-candle seconds or longer these processes are enabled to attain their 
maximum rate. Thus with shorter periods the rate is sub-maximal and 
the less illumination on the darker side of the sporangiophore results in 
a slower rate of the processes involved on that side as compared with the 
rate on the more illuminated side; hence a differential rate of growth 
producing a curvature results. With higher light intensities the maxi- 
mum rate is reached on the darker as well as the lighter side, with the 
consequence that the growth rates on the two sides are the same and a 
curvature does not occur. 

A comparison of the light-growth reaction observed in stems of 
higher plants with the phototropic reaction of these organs affords 
further evidence of the connexion between the two phenomena. Thus, in 
Helianthus globosus over a wide range of light quantities the light-growth 
reaction is negative, the retardation of the growth rate resulting from 
exposure to light being greater the larger the quantity of light. When 
illuminated on one side only, the near side, that is, the one more strongly 
illuminated, growls less rapidly than the other so that a positive curvature 
results. 

As regards roots, many of these are without phototropic sensitivity, 
and in correspondence with this exhibit no light-growth reaction. 
On the other hand the roots of Sinapis alba are negatively phototropic 
and possess a negative light-growth reaction. It must be supposed 
that the light is here refracted in the same way as in the Phycomyces 
sporangiophore. 

More recently a comparison of the phototropic curvature of Arena 
coleoptiles with the light-growth reaction of this organ has been made by 
van Dillewijn, and here again the curvature resulting from the action of 
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unilateral light over a considerable light range is that to be expected 
from the light-growth reaction. 

Some objections have, however, been put forward to the theory 
that phototropic curvature results from a quantitative difference in the 
light-growth reaction on the two sides of the stimulated organ. F. W. 
Went in 1927 calculated that although the phototropic curvature of the 
Avena coleoptile is in the direction to be expected on the theory, the 
actual rates of growth of the two sides arc not those which would take 
place if the light-growth reactions determined them. A similar conclusion 
was drawn from the rate of growth of seedlings illuminated uniformly 
and unilaterally respectively. Cholodny in 1930 also found that no 
considerable alteration in mean growth rate occurred in coleoptiles 
stimulated sufficiently to produce a phototropic curvature. These results 
with the Avena coleoptile are in marked contrast to those of Castle on the 
Phycomyces sporangiophore. 

In leaves Haberlandt considered that epidermal cells constituted the 
seat of light perception. He found that in some leaves the epidermal cells 
have dome-shaped outer walls which act like lenses and more or less 
focus the light on to a spot in the middle of the basal wall or rather the 
protoplasm lining the wall. If the leaf is displaced through an angle 
relative to the direction of the incident light the spot of light will shift to 
some other place on the wall. The movement of this spot of light from one 
part of the protoplasmic layer to another is supposed, in Habcrlandt’s 
theory, to constitute the actual stimulus, and the response to result in the 
leaf orientating itself so that the spot of light is once more central. In 
some plants, as for example, Fittonia , the epidermal cells have a plane 
upper surface and in these the light cannot be focused on the basal wall. 
There are, however, among the epidermal cells two-celled hairs, in which 
the upper cell has the form of a biconvex lens which focuses the light on 
the protoplasmic layer of the cell below. In support of Haberlandt’s 
theory are his own observations on leaves submerged in water. When so 
treated, owing to the different refractive index of water as compared 
with air, the light is no longer focused on the basal wall of the epidermal 
cells, and the leaves are found no longer to orientate themselves in 
relation to the light. An exception to this rule is Tropaeolum , the leaves 
of which, under water, can take up their normal position in regard to 
light. This is explained on Haberlandt’s theory on the ground that owing 
to the waxy particles (‘bloom’) on the surface, the latter remains dry and 
in contact with air held between the wax particles. But if the bloom is 
removed the surface of the leaf becomes wet on submersion and the 
power of orientation is lost. 

Evidence against the theory is provided by Kniep’s experiments in 
which the leaf was covered with a layer of liquid paraffin (‘paraffin oil’). 
Under this condition also the light is not focused on the middle of the 
basal wall; indeed this spot is less brightly illuminated than the rest of 
the wall, yet the leaf reacts to light almost as readily as an untreated leaf. 
The same was found to be the case by Nordhausen with leaves covered 
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with gelatin, and later in leaves from which the lens character of the 
epidermal cells had been removed by rubbing. Haberlandt’s theory of 
light perception in leaves can thus by no means be regarded as proved. 

THE CONDUCTION OF PHOTOTROPIC EXCITATION 

From what has been stated earlier it is clear that in phototropic 
stimulation the seat of most acute perception is very generally not that 
of the greatest response, and there must therefore be a conduction of 
excitation. The mechanism for the conduction of phototropic excitation 
is now generally regarded as the same as that which brings about the 
conduction of the excitation in the case of stimulation by gravity, that 
is, a substance furthering or retarding growth is conveyed from the seat 
of perception, and, reaching the seat of reaction in different quantities on 
the two sides of the organ, brings about different rates of growth on the 
two sides. 

We can suppose that light might act in three ways. In the first place 
the first stage in the phototropic action might be a photochemical 
reaction leading to the production of a growth -promoting or growth- 
retarding substance. This would be produced in different quantities on 
the two sides in relation to the different quantities of light, and being 
conducted mainly in a longitudinal direction would reach the seat of 
reaction in unequal concentration on the two sides. 

Alternatively the action of unilateral light might in some w r ay result 
in a redistribution of growth substance already present w ith again the 
result that the two sides of the organ at the place of response w r ould 
receive different quantities of the substance. 

Thirdly, as suggested by Brauner in 1922, light might increase the 
permeability of the cell membranes, so that the substance would be 
transported to the place of response more rapidly on the illuminated side 
than on the dark side. 

Evidence that the conduction of phototropic stimulation in the 
coleoptile of A vena is brought about by the movement of a substance 
was produced by Boy sen- Jensen in 1910 and 1913. He showed that 
insertion of a small mica disk on the illuminated side of the coleoptile 
just below the apex did not prevent the response, while insertion of the 
disk on the darker side did prevent it, a result which could be explained 
on the ground that a growth-promoting substance travelling on the 
darker side brought about an increased rate of growth on that side of the 
coleoptile. The insertion of a disk of mica on the illuminated side did not 
stop this movement of growth substance, whereas the insertion of the 
disk on the darker side did prevent it and so the curvature was inhibited. 
But Boysen-Jensen further showed that the coleoptile apex could be 
removed and then re-fixed on the stump with gelatin without the 
coleoptile losing the power to react phototropically. Hence the stimula- 
tion could be conducted through a layer of gelatin, again suggesting the 
passage of an actual substance. Support for such a view came from the 
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experiments of Pa&l, described in 1919, on the coleoptile of the grass 
Coix lacrima. It was found that when the apex of the coleoptile was 
removed and then placed eccentrically on the stump a curvature resulted 
similar to a tropic one. 

The establishment of the hormone theory of phototropic conduction 
is largely due to F. W. Went, who suggested that the effect of unilateral 
illumination of the coleoptile is to bring about a movement of growth 
substance, which we now knpw as auxin, in the apex to the less illumin- 
ated side, so that there thus results an unequal distribution of the growth 
substance. This, it will be observed, is the second of the possible actions 
of light mentioned above. 

F. W. Went placed a light-stimulated coleoptile apex on two small 
agar blocks so that the half-apex on the illuminated side was on one block 
and the darker half on the other block. The growth substance from the 
two sides of the apex then diffused into the respective agar blocks. When 
these were applied eccentrically to decapitated coleoptile stumps in the 
manner employed by Paal with actual tips, it was possible from the 
curvatures produced to obtain a measure of the amount of growth 
substance in the two halves of the coleoptile apex. The results showed 
that there was always more growth substance in the shaded than in the 
illuminated side and there is no doubt that exposure of the apex to 
unilateral light results in an unequal distribution of the auxin in the 
coleoptile apex. 

Experiments on seedlings of Raphanus sativus, described by van 
Ovcrbeek in 1983, show that here also unilateral illumination results in 
an uneven distribution of the growth substance so that it becomes more 
highly concentrated on the shaded side. We have noted in an earlier 
chapter that van Overbeek found that in the hypocotyls of Raphanus the 
same quantity of auxin produced more growth in the dark than in the 
light, this effect being attributed to photoinactivation of auxin. Hence 
unilateral illumination of the Raphanus hypocotyl produces two effects; 
in the first place there results a movement of the auxin to the shaded 
side, in the second place the auxin on the illuminated side is more 
subjected to photoinactivation than the auxin on the shaded side. Both 
effects tend to produce positive phototropic curvature. In the hypocotyls 
of Helianthus, on the other hand, there appears to be no redistribution 
of auxin, and phototropic curvature appears to be related only to unequal 
inactivation of auxin by light on the illuminated and shaded sides. In the 
Avena coleoptile the unequal distribution of auxin which takes place in 
the extreme tip as the result of unilateral illumination appears to be due, 
in low light intensities, to a movement of auxin from the illuminated to 
the shaded side, but in high light intensities different degrees of photo- 
inactivation on the two sides may operate as well. 

The course of events in phototropic stimulation thus appears to be 
very similar to that in geotropic stimulation. In both, stimulation leads 
to a redistribution of the growth substance in the perceptive region, and 
the growth substance, travelling longitudinally to the elongating region, 
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there sets up differential rates of growth. With phototropic stimulation 
there is the additional factor of the effect of light on the activity of the 
growth substance, a factor which affords an explanation of the light- 
growth reaction. 

In organs exhibiting diaphototropism where the orientation of the 
organ is brought about by differential rates of growth, auxin may be 
assumed to play a part in the movement. In the compass plant, Lactuca 
scariola , the orientation of the leaves so that these lie in the north to 
south plane was attributed by Dolk to a combination of phototropism 
with epinasty and autonomic asymmetric growth. 

However, not all diaphototropie movements are the result of differ- 
ential rates of growth of the two sides of an organ. For example, Yin 
found the movement of unshaded leaves of Malva neglecta , by which they 
follow the sun throughout the day, is due to turgor changes in cells of 
the petiole just below the leaf lamina. There appears, however, to be a 
conduction of excitation, for, by completely covering the lamina the 
movement was stopped, whereas when the petiole or only part of the 
lamina was covered the movement still took place. The lamina thus 
appears to be the scat of perception of the stimulus whereas the move- 
ment is due to changes in the petiole. The movements occurred in blue 
light but not in red, a iinding in agreement with results of other workers 
who have recorded the increasing effectiveness as regards phototropic 
curvature of light with decreasing wave-length. 
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CHAPTER XXIV 


CHEMOTROPISM AND OTHER TROPIC PHENOMENA 

Our information regarding the responses of plants to the stimuli of 
gravity and unilateral light is much greater than that concerning the 
action of any other stimuli. Nevertheless, it is known that tropic response 
to changes in other conditions of the environment takes place. Among 
such stimuli are those brought about by various chemical substances, by 
changes in the osmotic pressure ©f the environment, by changes in 
temperature and electrical conditions, and by contact of the organ with 
some solid object. Inasmuch as these stimuli are directional, we meet 
with the phenomena of chcmotropism, osmotropism, thermotropism, 
galvanotropism (or electrotropism) and thigmotropism (or haptotropism) 
respectively. 


CHEMOTROPISM 

The movement of spermatozoids of mosses and ferns in response to 
changes in the concentration of certain chemical substances is a well- 
known phenomenon. Such chemotactic responses and many others were 
investigated by Pfeffer and described by him in 1884. His method 
of investigation was to place a capillary tube, open at one end and 
containing a solution of the substance, in a drop of liquid containing the 
spermatozoids or other motile organisms. As the substance diffused from 
the open end of the capillary tube a concentration gradient would be set 
up, and organisms exhibiting positive chemotaxis would swim along the 
concentration gradient to the most concentrated place and so reach and 
enter the capillary tube. On the other hand, negative chemotaxis would 
be displayed by the movement of organisms away from the open end of 
the capillary. 

In this way Pfeffer showed, as mentioned in Chapter XVIII, that fern 
antherozoids are strongly chemotactic towards malic acid and malates 
and move rapidly towards a capillary tube containing 0-01 per cent, of 
sodium malate, while they still move, although more slowly, towards a 
tube containing this salt in one-tenth this concentration. According to 
Buller, in high concentrations of malic acid, from about 0*2 per cent, 
upwards, the antherozoids of Gymnogramme rmrtensii exhibit negative 
chemotropism, but this is not observed with the salts of malic acid. A 
considerable number of other substances also exert a chemotactic 
influence on antherozoids of this fern and probably of others; among such 
substances are a number of potassium salts, including the nitrate, 
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sulphate, chloride, bromide, iodide, formate, acetate, phosphate and 
tartrate, and also a number of salts of sodium (although neither chloride 
nor nitrate), ammonium, rubidium, magnesium and caesium. While the 
fern antherozoids were found to respond also to the stimulus of maleic 
acid, though not as readily as to that of malic acid, a number of organic 
substances, including ethyl alcohol, glycerol, glucose, sucrose, lactose, 
urea and asparagine, were found to be without effect. According to 
Pfeffer, the chemotactic movements of the antherozoids of both ferns and 
Selaginella are brought about in nature by malic acid secreted by the 
archegonia. 

Pfeffer also found that in certain mosses, Funaria hygrometrica , 
Leptobryum pyriforme and Brachythecium rivulare , the antherozoids 
exhibit positive chemotropism towards sucrose, but no chemotactic 
response of moss antherozoids could be obtained w T ith a number of other 
carbohydrates and glycosides. 

Among Thallophyta the zoospores of Saprolegnia are definitely known 
to respond chemotactically to phosphates, but there is little information 
regarding the existence of chemotaxis in the Algae, although members 
of the Volvocineae are said to respond to the stimulus of a number of 
substances. The bacteria,, on the other hand, appear to be generally 
sensitive to the stimulus of a variety of chemical substances, particularly 
peptone and salts of potassium. 

The chemotropic response in non-motile forms has been examined 
particularly in fungal hyphae, and in the pollen tubes of higher plants. 
Some information is also available regarding chemotropism of the roots 
and shoots of seedlings. 

Our knowledge of the chemotropism of fungi is largely due to Miyoshi, 
an account of whose researches was published in 1894. The species he 
worked with were Saprolegnia ferooc , Mucor mucedo , Penicilliurn glaucnm, 
and Aspergillus niger. His method of investigation consisted in injecting 
leaves of Tradescantia discolor with a solution of the substance under 
investigation, and then sowing the spores of the fungus on the under 
surface of the leaf. Where positive chemotropism was present the hyphae 
resulting from the germination of the spores ultimately grew towards, 
and into, the stomata. Similar experiments were also carried out with 
pieces of onion scale epidermis and thin sheets of mica w r hich w r ere 
perforated with small holes and placed on plates of gelatin containing the 
substances to be examined. By these experiments Miyoshi showed that 
ammonium salts and phosphates, as well as glucose and sucrose, have a 
definite chemotropic action. Thus a positive reaction of the hyphae of 
Mucor mucedo was obtained with a concentration of ammonium nitrate 
of 0*05 per cent, and of glucose of 0*01 per cent. Glycerol and quinic acid 
did not appear to act as chemotropic stimuli in these experiments. 

• As regards chemotropism in higher plants the behaviour of pollen 
tubes was also examined by Miyoshi. His experiments, in which he placed 
ovules and pieces of stigma on plates of 10 per cent, gelatin and sowed 
pollen grains on the gelatin, have already been mentioned. The growth 
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of the resulting pollen tubes towards the ovules and pieces of stigma he 
attributed to chemotropism, and by experiments carried out in a similar 
fashion to those described above with fungi, he was able to show that 
here sucrose in particular, but also glucose and dextrin, induced a 
chemotropic response, whereas ammonium salts and phosphates were 
without effect. 

In 1904 Newcombe and Rhodes recorded the existence of a chemo- 
tropic reaction in the roots of Lupinus albus when these were placed in 
contact with certain salts contained in blocks of gelatin. A positive 
curvature was observed with sodium monohydrogen phosphate while 
negative curvatures occurred with ammonium nitrate, calcium nitrate, 
potassium nitrate and magnesium sulphate. In the following year Sam- 
met recorded experiments on the chemotropism of the roots of 14 plant 
species, the roots in this case being grown in water. Roots of Lupinus 
albus , Vida saliva and Sinapis alba were found to be particularly 
sensitive. In general they showed a positive reaction to sodium chloride, 
potassium nitrate, acetic acid, glycerol, ethyl alcohol, ether, sucrose and 
camphor when these were present in low concentrations, but with higher 
concentrations the reaction was reversed. In the same year Lilienfeld 
also published observations on the chemotropism of roots of Lupinus 
albus and a number of other species, the chemical substance being held 
in gelatin. Lilienfeld employed a large number of substances and con- 
cluded that they could be classified into five groups in relation to their 
power of inducing chemotropic curvature. These groups comprised: (1) 
substances which exert no chemotropic influence (calcium carbonate, 
magnesium carbonate, glucose, sucrose, lactose); (2) substances which in 
all concentrations employed induce only positive curvatures; these 
include ammonium sulphate, potassium sulphate, and carbonates of 
lithium, ammonium, potassium and sodium; (3) substances which in 
all concentrations examined induce only negative curvatures, such 
substances including nearly all chlorides, sulphates and nitrates (but 
not potassium sulphate and potassium nitrate), and many acids; (4) 
substances which induce a positive or negative curvature according to 
the concentration, and including sodium tartrate, potassium nitrate and 
potassium ureate; (5) substances giving indefinite results, such as 
ammonium oxalate, urea, asparagine and some dyes. 

It may be noted that Lilienfeld found some roots much more sensitive 
than others; thus the roots of Ervum lens appeared to be practically 
insensitive. 

Certain criticisms of this earlier work have been advanced by Porodko, 
whose own work must be regarded as the most critical we have on the 
subject of chemotropism of roots. His experiments were carried out 
chiefly with Lupinus albus , the roots being grown mainly in agar. Among 
the substances employed were boric acid, ethyl alcohol, glycerol, chloral 
hydrate, urea, glucose, phenol, aniline and a number of inorganic salts, 
acids and alkalies. These and the earlier experiments leave no doubt that 
chemotropic curvatures are executed by roots, and that roots of Lupinus 
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albus are particularly favourable objects for observing the chemotropic 
reaction. Porodko concluded that the course of such a chemotropic 
reaction depends on the concentration of the stimulant; in very low 
concentrations the reaction is positive, but as the concentration is 
increased the reaction becomes negative. In higher concentrations still 
the reaction is again positive, but this is related to injury of the tissues. 

But all these three phases of chemotropic reaction were not always 
observed. Sometimes one was missing, sometimes another, and, indeed, 
Porodko found that the chemotropic reaction of roots depended markedly 
on the substance. In general the non-electrolytes examined, namely, 
ethyl alcohol, sucrose, urea, phenol and boric acid, were found to be 
inactive. A positive reaction was never observed with these substances 
and a weak negative reaction only occasionally in high concentration of 
the substance. 

With acids and bases the positive chemotropic action is very weak or 
wanting altogether, but the negative reaction is quite definite. Arranged 
in order of increasing negative chemotropic activity the acids examined 
were citric, tartaric, trichloracetic, sulphuric, butyric, acetic, hydro- 
chloric and formic. With salts both the positive and negative chemotropic 
curvatures were observed. From a consideration of the magnitude of the 
positive and negative curvatures produced by the different salts Porodko 
concluded that chemotropic action is chiefly determined by ions and not 
by undissociated molecules and that, moreover, the positive chemotropic 
curvature is determined by the anion, the negative by the cation. The 
actual curvature produced by a salt in any particular concentration is the 
algebraic sum of the action of the two ions in the solution at that 
concentration, and hence may be positive or negative according to the 
particular ions concerned and their concentration. According to Porodko, 
the chemotropic activity of the different cations varies inversely with 
their electrolytic solution pressure, while the chemotropic activity of the 
different anions varies with their lyotropic action. 

Again according to Porodko, the response is not due to the intensity 
of the stimulus alone, nor to the time of action alone, but to the product 
C n f, where C is the concentration of the substance, t is the time of action 
and n has a value of about 2-5 to 3. 

Although both Lilienfeld and Sammet recorded that decapitated 
roots were capable of executing chemotropic curvatures, these may have 
resulted from shock or injury, and the more critical experiments of 
Porodko with intact roots stimulated over limited regions indicate that 
the chemotropic stimulus is perceived chiefly, if not exclusively, by 
the root tip. There must thus be a conduction of chemotropic, as of 
phototropic and geotropic, stimulation. Whether the stimulation and 
conduction here also involves a redistribution and longitudinal transport 
of growth substance has not yet been investigated, but it seems not 
improbable that such may be the case. Porodko himself attributed 
chemotropic stimulation to differential changes produced in the emul- 
soids of the protoplasm on the two sides of the stimulated root. Thus in 
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the cells which perceive the stimulus the degree of hydration of the 
disperse phase of the plasmatic emulsoids changes, positive chemo- 
tropism involving an increase, and negative chemotropism a decrease, in 
the hydration potential of the disperse phase. The equilibrium, in respect 
of this potential, between the cells of the root apex and the growing zone, 
is thus disturbed, with the result that water passes from the neighbouring 
cells into the stimulated ones, or vice versa. In this way a conduction of 
stimulation to the growing zone takes place and the change in hydration 
of the colloids of the cells of the growing zone leads to changes in the 
growth rate in this region. The changes being different on the two sides 
of the roots, a curvature results in consequence. 

AEROTROPISM 

A particular case of chemotropism, in which the organ is sensitive to 
changes in concentration of a gas, particularly oxygen, in a definite 
direction, was termed aerotropism by Molisch. According to him, roots 
are positively aerotropic, a root executing a curvature tending to bring 
the apex in the direction of the highest oxygen concentration, while 
pollen tubes growing in water are in this sense negatively aerotropic. 
Pfeffer recorded that Celakovsky found hyphae of Dictyuchus monosporus 
to be positively aerotropic to oxygen. 

Also according to Molisch, roots are negatively aerotropic to gases 
other than oxygen, including carbon dioxide, ammonia, coal gas, hydro- 
chloric acid and chloroform vapour. Sammet also found that roots of 
Lupinus albus and other species growing in a saturated atmosphere were 
positively aerotropic towards oxygen, carbon dioxide, ammonia and the 
vapour of a number of organic substances, including methyl alcohol, 
acetone and ether. 

With increasing concentration, however, the aerotropic curvature 
may be negative. Negative aerotropic curvatures were also observed by 
Sammet with shoots of a number of species, including those of Brassica 
napus , Triticum vulgare and Avena saliva. No reaction could be observed 
with the sporangiophores of Phy corny ces. 

It is agreed by Molisch and Sammet that the aerotropic stimulus is 
perceived by the growing zone in which the curvature takes place, for 
the curvatures are still executed in roots stimulated after removal of the 
apex. In this respect the perception of the aerotropic stimulus stands in 
marked contrast to those of gravity and light where, as we have seen, 
the stimulus is most acutely perceived in the root apex. However, having 
regard to Porodko’s observations on the chemotropism of roots, it would 
seem desirable to have further evidence relating to the perception of the 
aerotropic stimulus. 


HYDROTROPISM 

What may be regarded as another special case of chemotropism, and 
indeed, of aerotropism, has been designated by the term hydrotropism. 
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This refers to the reaction of many plant organs in response to unilateral 
change in the concentration of water vapour. Hydrotropism appears to 
have been demonstrated first by Johnson in 1829, but it was brought 
into prominence by Sachs in 1872 by means of an experiment which is 
familiar in most botanical laboratories. Seeds of Pisum sativum or Vida 
faba are sown in damp sawdust contained in a vessel the lower side of 
which consists of a perforated zinc plate which is not horizontal but 
which makes an angle of, say, 45° with the horizontal. The radicles 
produced by the germinating seeds tend to grow down vertically on 
account of their geotropism, and on reaching the sloping floor of the 
vessel, grow out through the perforations. If the outer air is saturated 
with water the roots continue to grow downwards, but if not the roots 
may execute a curvature so that the apex grows towards the damp 
sawdust in the vessel. A root may, indeed, even enter the vessel again 
through one of the perforations. 

While roots are for the most part positively hydrotropic, some 
seedling shoots have been stated to exhibit negative hydrotropism. This 
has been recorded for Linuin by Molisch and for Solarium tuberosum by 
Vochting, but there is no indication that such a reaction is by any means 
general. 

Among lower plants Molisch found the rhizoids of some liverworts, 
including Marchantia polymorplia , were positively hydrotropic. 

Negative hydrotropism is exhibited by many fungi. Molisch found 
the sporangiophores of Phycomyces and other Mucorineae to react in this 
way, and so do the stipes of the fructifications of some of the larger fungi 
such as Coprinus . The sporangiophore of Phycomyces is particularly 
sensitive to the hydrotropic stimulus, but Pfeffer quoted Steyer as 
describing this sporangiophore as positively hydrotropic when the general 
humidity is low while it appears to be diahydrotropic under conditions 
of intermediate humidity. 

According to Walter, the sporangiophores of Phycomyces exhibit a 
humidity-growth reaction in response to a change in humidity of the 
environment similar to the light-growth reaction, and he would relate 
hydrotropic curvature with the humidity-growth reaction in the same 
way as phototropic curvature can be related with the light-growth 
reaction. How far such a connexion is general remains to be seen. 

In 1915 Hooker published an account of an investigation of hydro- 
tropism in the roots of Lupinus albus . He concluded that these are 
positively hydrotropic, but that a hydrotropic curvature only takes 
place if the relative humidity is between 80 and 100 per cent. Further, 
the roots only react over a certain range of moisture differences. Thus at 
20° C. the minimum moisture gradient for hydrotropic reaction of the 
roots examined is 0-2 per cent, per cm. and the maximum gradient one 
of 0*5 per cent, per cm. The optimum gradient has a value of 0-4 per cent, 
per cm. 

The perception of the hydrotropic stimulus by roots was shown by 
Hooker to be most acute at the root apex, while the region behind 
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the apex, although less sensitive, is not without some power of percep- 
tion. The condition thus appears to be similar to that in the cases of 
geotropism and chemotropism, and, aerotropic phenomena possibly 
excepted, it would seem extremely probable that roots may exhibit a 
similarity in this respect towards the perception of all tropic stimuli. 

THERMOTROPISM 

A change in temperature on one side only of an organ may constitute 
a stimulus of a directional character, and a number of observations of 
thermotropism are on record. Most of these rest on dubious interpretation 
of experimental findings, and the conclusions of different observers are 
often contradictory. It seems certain, however, that peduncles of 
Anemone stellata , A. nemorosa and Tulipa sylvestris , which, when these 
plants are growing in the open, curve towards the sun and so follow it 
throughout the day, do so on account of temperature changes, at any 
rate in part, for when covered in situ with a dark vessel so that the plants 
are in the dark the peduncles still execute the same movements and 
follow the sun. It has already been noted that Castle attributed the 
negative phototropic curvature of sporangiophores of Phycomyces to 
infra-red radiation, that is, to heat, but although Wortmann had 
much earlier recorded such a curvature when the sporangiophores were 
subjected to the radiation of heat from a dark hot plate, subsequent 
experiments by Steycr, quoted by Pfeffer, led the latter to conclude that 
Phycomyces sporangiophores exhibit no response to unilateral change in 
temperature. Further, Hooker has concluded that what has been gener- 
ally known as thermotropism in roots is chiefly a demonstration of 
hydrotropism. 

Actually thermotropism can be regarded as a special case of photo- 
tropism, the stimulus in the former case being due to the longer waves 
of infra-red radiation, as compared with the shorter waves of visible 
light. It has been shown in the last chapter that as regards the stimulus 
of unilateral light the sensitivity to its perception rapidly declines with 
increasing wave-length throughout the visible spectrum. If this rule 
applies also in passing from the visible spectrum to the longer-waved 
radiation of the infra-red, then we should expect there to be a much 
lower sensitivity to heat than to light of the same quantity of energy. 

GALVANOTROPISM 

When an electric current is passed through liquid containing certain 
motile organisms, in some cases a movement of the organisms takes place 
towards either the positive or negative pole. Where the movement is not 
induced in dead organisms it cannot be attributed to cataphoresis, and 
is regarded as a response to the stimulus of the electric current and is 
termed galvanotaxis. Such galvanotactic response has been observed in 
bacteria and in some members of the Volvocaceae. 

Galvanotropic curvatures in roots have been observed by Elfving and 
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others, but the interpretation of their observations is difficult. It has 
been suggested that the observed curvatures resulting from the action of 
an electric current may be chemotropic in character, arising from the 
electrolysis of substances in the medium, or may be the result of injury, 
in which case they belong to the category of traumatotropic curvatures 
dealt with below. Thus in 1907, Miss Bayliss (Dr. Bayliss-Elliott) found 
that when non-polarizable electrodes were used with a current of 
sufficient magnitude to produce a curvature when ordinary electrodes 
were used, no curvature took place. Twenty years later Navez made a 
similar observation, for he found that when care was taken to eliminate 
as far as possible products of polarization and to prevent the migration 
of any such products when formed, there resulted no curvature from 
attempted galvanotropic stimulation. In cases of observed galvanotropic 
curvature of roots Navez supposed that the surface cells of the root are 
injured by the action of products of polarization. The injured cells then 
act as electrodes applied to the internal tissues which are thus subjected 
to electrolysis. The alterations thus produced in the internal tissues lead 
to differences of growth of the cells on the two sides of the root so that a 
curvature results. If this interpretation is correct it would seem that 
so-called galvanotropic curvatures are really curvatures due to injury 
and therefore belong to the next category to be considered, a view put 
forward by Gassner in- 1906. However, Dr. Bayliss-Elliott, in the work 
referred to above, concluded definitely that galvanotropic curvatures 
could be produced without injuring the root. Her experiments were 
carried out with seedling roots of a number of species: Vida faba , 
Phaseolus multiflorus, Zea mais , Pisum sativum , Ilelianthus annuus, 
Cucurbita pepo and Ridnus Zanzibar ensis, and she showed that the so- 
called galvanotropic curvatures not involving injury were actually 
chemotropic in character, the actual stimulus being the ions produced by 
electrolysis of the medium. With higher strengths of current Dr. Bayliss- 
Elliott agreed with Gassner that the curvature might be due to injury. 

Thus, although one cannot regard the problem of galvanotropism as 
solved, the evidence at present available suggests that in low strengths 
of current the response may be due to a chemical stimulus, in higher 
strengths of current to injury. 

TRAUMATOTROPISM 

Charles and Francis Darwin, in their work on the Power of Movement 
in Plants , recorded a number of cases of roots executing growth curva- 
tures as a result of wounding the apex by treatment of one side of the 
latter with silver nitrate. In various roots examined, including those of 
Vida faba, Pisum sativum , Phaseolus multiflorus , Gossypium herbaceum 
and Cucurbita ovifera , the curvature was away from the injured side. 
Such a response to one-sided injury is now generally known as traumato- 
tropism. Darwin’s observations have now been confirmed and extended 
by several workers. The most important work on traumatotropism is that 
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of Stark, published in 1917 and 1921. This worker found that in seedlings 
of a number of species the hypocotyl or epicotyl would execute either 
positive or negative curvatures as a result of amputation of a cotyledon. 
The species in which this was observed were Agrostemma githago, 
Cucurbita pepo , Helianthus animus , Lupinus aUms , Ricinus communis , 
Sinapis atba and Silybum marianum , and this work confirmed earlier 
observations by Sperlich and by Heidmann. It is curious to note that 
whereas a traumatotropic reaction was observed with amputation of a 
cotyledon of Phaseolus multiflorus no such reaction was observed in 
Phaseolus vulgaris similarly treated. It may be noted that partial, instead 
of complete, amputation of the cotyledon either reduces the amount of 
the reaction or the latter may not occur at all. 

Traumatotropic curvatures can also be induced in more adult plants 
by a similar operation. Thus removal of part of a leaf lamina will induce 
curvature in the petiole and the midrib towards the damaged region. 
Such a response was observed in 16 species out of 24 examined. A similar 
effect is produced in compound leaves by removal of the leaflets on one 
side of the main axis. Here out of 91 species examined 58 showed a 
response, members of Rosaceae, Lcguminosac and Ranunculaceae being 
particularly sensitive. Similarly, complete removal of leaves can lead to 
traumatotropic curvature of stems. Also removal of flowers from one side 
of an inflorescence axis can induce curvature of the axis. Curvatures can 
also be produced, as shown by Darwin, by other methods of injury, such 
as by burning and by local treatment with silver nitrate. Stark found 
that there can be a conduction of the excitation over a distance of 10 cm. 
or more, and that the curvature can extend over a similar length of stem 
and is not limited to the internode in which it starts. 

Stark also investigated traumatotropism in seedlings of Gramineae. 
In seedlings of the Avena type in which the mesocotyl (cf. p. 514) is 
poorly developed, stimulation of the base of the coleoptile by local 
application of silver nitrate has a greater effect than stimulation of the 
apex. The reaction generally appears in the region of maximum growth 
near the apex. In grass seedlings of the Panicum type in which the 
mesocotyl is well developed, the sensitivity is less in the coleoptile than 
in the mesocotyl. In the latter organ sensitivity is greatest at the upper 
end and decreases towards the base. The seat of the reaction is here 
chiefly in the upper part of the mesocotyl. 

Stark also showed that if a coleoptile tip was cut off and replaced on 
its own stump, or on the stump of another coleoptile of the same or of a 
different species, traumatic stimulation by means of silver nitrate was 
conducted across the cut surface. 

It seems very probable that traumatotropic curvatures are related to 
more than one factor. It has been suggested that traumatic stimulation 
can be regarded as a special case of chemotropism. Wounding results in 
certain chemical changes in the injured cells, with the production of 
substances which bring about a chemotropic curvature. Stark him- 
self thought that the curvatures resulted from the action of a special 
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hormone, produced in the wounded tissue, which effected growth on the 
side of the organ where it was formed. However, later workers, such 
as Beyer and Keeble and Nelson, showed that there was no need to 
hypothesize a special hormone and that traumatotropic curvatures could 
be accounted for by the wounding interfering with the normal distribu- 
tion of auxin. Thus when one side of the Avena coleoptile is wounded the 
growth substance on that side is reduced and so its transport is retarded 
on that side, but not on the uninjured side. This will reduce the rate of 
growth on the stimulated side and the organ will thus perform a positive 
traumatotropic curvature. However, after 2*5 to 3 hours from the time 
of wounding the growth substance is again produced on the wounded 
side and the organ straightens itself or even produces a negative curva- 
ture. It is also possible that wounding may bring about a retardation of 
growth on the wounded side by interfering with the movement of 
nutrient material. Also Thimann has shown that enzymes released from 
the cells damaged in wounding may bring about the destruction of auxin 
so that an uneven distribution of the latter in the wounded organ results. 

CONTACT IRRITABILITY (HAPTOTROPISM OR 
THIGMOTROPISM) 

One of the most striking examples of curvature displayed by a 
number of flowering plants is that resulting from the stimulus of contact 
with a solid object. This is most familiar in plants which climb by means 
of tendrils, but the power of response to the stimulus is not confined to 
these plants, although most highly developed in them. 

Tendrils were defined by Charles Darwin as filamentary organs 
sensitive to contact and used exclusively for climbing. Morphologically 
they are to be regarded as formed by the modification of leaves or part of 
a leaf, peduncles and branches. Frequently the leaflets of a compound 
leaf may be modified into tendrils, in some species the leaf tip, and in 
others the petiole, is of tendril character. The morphological value of 
some tendrils is difficult to determine. 

Certain families of plants contain many tendril-bearing species, and 
among such are Cucurbitaceae, Bignoniaceae and Leguminosae, but 
many other families include plants possessing tendrils, as, for example, 
Smilax (Smilaceac), Corydalis and Dicentra (Fumariaceac), Passiflora 
(Passifloraceae), and Ampclopsis (Vitaceae). The tendril may be simple 
as in Bryonia dioica or branched as in Pisum and Lathy rus. In these the 
tendrils are morphologically to be regarded as derived from parts of the 
leaf, while in Lathyrus aphaca the whole of the leaf is reduced to a 
compound tendril. Leaf tendrils are also met with in Cobaea scandens and 
in species of Bignonia. Leaf tips prolonged into tendrils are presented by 
Gloriosa superba and Corydalis claviculata . Petioles irritable to contact 
and functioning as tendrils occur in Clematis vitalba , Solatium jasminoides 
and various species of Tropaeolum . 

The usual response of a tendril to the stimulus of contact with a solid 
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body is, of course, the promotion of differential rates of growth of the 
two sides of the tendril, the side remote from the seat of stimulation 
growing more rapidly than the near side. Response to contact stimulation 
also occurs in the stems of the various species of the dodder ( Cuscuta ) and 
in the aerial roots of the orchid Vanilla . 

Stark and others have shown that many organs apart from tendrils 
exhibit a response to the stimulus of contact. As examples may be cited 
all etiolated seedlings examined as well as older green organs, including 
stems, petioles and inflorescence axes of a number of plants. In these 
contact, or stroking with a solid object, leads to a curvature concave on 
the stimulated side. While the sensitivity to contact stimulation varies 
greatly and is most highly developed in tendrils, it must be concluded 
that it is a widely distributed property of plant tissue, at any rate 
among vascular plants. 

Among Thallophyta it has been found that the branches of some 
marine algae and the hyphae of some fungi are similarly sensitive to 
contact. 

In some instances the response to stimulation does not end with differ- 
ential rates of growth on the two sides of the organ. In various species 
of Bignonia and Ampelopsis , and in some other plants, suckerlike disks 
are produced on the tendrils as a result of contact stimulation. These 
disks are usually, but not always, produced at the ends of the tendril and 
constitute organs of attachment of the tendril to a supporting surface, 
the attachment being frequently aided by the secretion of a sticky fluid 
from the disk. In Cuscuta the final response to contact stimulation is the 
production of haustoria which penetrate the tissues of a suitable host 
providing the stimulating material. 

Contact and Shock Stimulation. Pfeffcr laid great stress on the 
difference between the stimulus of contact as exemplified in the behaviour 
of tendrils, and the stimulus of shock. In tendrils the stimulus consists of 
contact with a solid body only; there is no response in these organs to 
contact with, or pressure of, water, mercury or any other liquid, nor to 
stroking with a wet rod coated with gelatin gel. In shock stimulation any 
sort of mechanical disturbance, whether caused by striking with a solid 
rod, or by a jet or current of water or by wind, can act as a stimulus. 

It is true that Van der Wolk found that curvatures were produced in 
coleoptiles of Avena sativa stimulated by contact with a rod coated with 
gelatin, a result confirmed by Stark and extended by him to seedlings of 
a number of other species. Stark further showed that in some seedlings a 
jet of water would produce a curvature, as, for example, in Cannabis 
sativa and Agrostemma githago. In this respect seedlings thus exhibit a 
marked difference in behaviour from tendrils which react to contact with 
a solid body only. It may be that with seedlings stimulated by contact 
with water or a gelatin gel we are dealing with a different phenomenon 
from that of haptotropism, namely, the type of irritable behaviour to 
which the name rheotropism has been applied and which is discussed at 
the end of this chapter. 
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Intensity of Contact Stimulus. A method employed by Charles Darwin 
for examining the sensitivity of tendrils to contact was to place a small 
loop of cotton or platinum wire on a tendril and observe whether a curva- 
ture resulted or not. Thus he found that a curvature was produced in 
tendrils of Cissus discolor by a loop of soft thread weighing 9*25 mg., 
while a curvature was produced in Corydalis claviculata by a weight of 
4-05 mg. and in Passiflora gracilis by a loop of platinum wire weighing 
only 1-23 mg. The tendrils of Sicyos angulata are very much more sensi- 
tive, even than those of Passiflora, for a perceptible curvature was 
observed by Pfeffer to result here from stimulation with a thread of 
cotton weighing only 0 00025 mg. On the other hand, weights of 0*1 gm. 
or more may be necessary to produce curvatures in less sensitive 
tendrils. 

For this method to be made quantitative it would be necessary to 
ensure that the tendrils were always orientated in a definite direction, 
a condition which does not appear to have been realized in Darwin’s 
experiments. Also if the stimulus-quantity law holds with contact stimu- 
lation it would also be necessary to measure the time of action of the 
stimulus. It was, however, the view of Pfeffer that the stimulus is due not 
to the pressure of the weight on the tendril, but to the contact of the 
weight, slight as it is, falling on the tendril. 

This view finds support from experiments made by Darwin in which 
small weights did not produce a curvature, even when left on the tendril. 
Further, application of a small weight may produce a curvature which 
is not permanent even when the stimulus is maintained. Such is the 
example already mentioned of stimulation of the tendril of Passiflora 
gracilis by plaeing on it a weight of 1*23 mg. Although, as already men- 
tioned, a curvature was thus produced, it was not permanent even when 
the weight was left suspended on the tendril. It would appear that the 
falling of the weight on to the tendril effects the stimulus, the response 
to which is the curvature, but that the continued pressure of the weight 
on the tendril is not a stimulus, and the original curvature subsequently 
disappears owing to autotropism. 

The method adopted by Stark to obtain different quantities of stimu- 
lus was that of stroking one side of the stimulated organ with a small rod 
of cork having a square cross-section, the stroking being effected by the 
sides, not the corners, and the number of strokes giving a value for the 
quantity of stimulation. In this way Stark was able to obtain a variety 
of quantitative data relating to contact stimulation, reference to which 
will be made later. 

The Course of the Haptotropic Reaction. The result of stimulation by 
contact is, as we have seen, usually a growth curvature with the stimu- 
lated side forming the concave surface of the curvature. With weak 
stimulation of short duration a resultant curvature does not necessarily 
persist, for it may be followed by a straightening due to autotropism. 
But with continued stimulation the differential growth on the two sides 
continues so that the tendril forms a series of coils. The chances of a 
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tendril coming into contact with a support are increased by its circum- 
nutatory movement as it grows. Whether it actually coils round an object 
with which it comes into contact depends on the dimensions of the object. 
Since the radius of curvature of the organ after response depends on the 
different rates of growth on the two sides it is clear than an object may be 
too wide or too narrow for the tendril to coil round it. Thus Sachs pointed 
out that while the fine tendrils of Passijlora gracilis can coil round threads 
of silk, the thick tendrils of the vine ( Vitis ) require a support of at least 
2 to 3 mm. diameter. Sachs further observed that a tendril, in order to 
become firmly attached to a support, must be firmly pressed to it. This 
means that the tendril tends to form a coil the radius of curvature of 
which is generally less than the radius of the support. Hence it follows 
that fresh parts of the tendril are brought into contact with the support 
and so fresh parts of the tendril are stimulated and the tendril grows 
round the support as a spiral coil. 

The reaction of tendrils and other organs to contact, as distinct from 
shock, being the production of a growth curvature, it follows that the 
reaction can only take place so long as the organ has the power of growth. 
In most cases tendrils are of limited growth and can react to the stimulus 
of contact from the time when they have reached about 25 per cent, of 
their full length until fully grown. Growth may be very rapid, in some 
stages the length being increased by 50 per cent, or more in a day. Fre- 
quently one side of an unstimulated tendril grows a little faster than the 
other so that a weak curvature results. When the tendril approaches the 
horizontal the under side is generally somewhat concave. The curvature 
in tendrils resulting from contact stimulation generally commences at 
the place of application of the stimulus and extends a little on either side 
of it. 

The course of the haptotropic reaction in seedlings has been carefully 
examined by Stark. The extent of the reaction naturally depends on the 
growth activity of the organ, the reaction being greatest at that stage of 
development of the organ when it is growing most rapidly. In the hypo- 
cotyls of dicotyledons the curvature commences in the zone of most 
active growth, and spreads from there, the maximum curvature being 
generally at the apex and the weakest at the base of the hypocotyl. In 
Avena coleoptiles the curvature appears to start about 1 cm. below the 
apex, while in Panicum, if the whole seedling is stimulated, the curvature 
commences at the top of the mesocotyl and is either limited to that region 
or spreads downwards; generally the coleoptile takes no part in the curva- 
ture. In Zea mais the curvature commences at the apex of the mesocotyl, 
but spreads from there in both directions so that both coleoptile and 
mesocotyl are involved in the curvature which is strongest in the region 
where coleoptile and mesocotyl join. 

Fitting found that in tendrils of Passijlora gracilis and Pilogyne 
suavis contact stimulation involved an increased rate of growth not 
merely on the side of the tendril remote from the place of contact, but 
also in the medium zone. The increase in the rate of growth may be very 
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considerable; thus the convex side may grow from 40 to 200 times as 
rapidly as before stimulation, while no appreciable decrease in growth 
rate may occur on the stimulated side. 

A counter reaction sets in at different times in different seedlings. 
Most frequently it commences at the apex while the basal part of the 
hypocotyl is still executing the haptotropic curvature, with the result 
that the organ may become S-shaped. In a number of organs, including 
coleoptiles of Avena saliva , the counter reaction may be great enough to 
produce a negative curvature, which is then followed by another positive 
curvature so that a sort of pendulum movement results. The counter 
reaction appears to be autotropic in character and not to be accounted 
for by geotropism, nutation or in terms of negative haptotropism. 

1'he Influence of the Strength of the Stimulus on the Course of the 
Reaction. It has already been noted that Stark obtained different quanti- 
ties of stimulation by varying the number of times the organ was stroked 
with a cork rod. lie found that the stronger the stimulus, the greater the 
proportion of seedlings which react. This, as with other tropic pheno- 
mena, only holds within limits. The lower limit is fixed by the threshold 
value of the stimulus, but generally a single stroke constituted a stimulus 
above the threshold value. Ol’ 28 species examined, only in 4 was a single 
stroke insufficient to induce a curvature. The upper limit is, of course, 
reached when all the individuals in a sample respond. Some of Stark’s 
results are tabulated in Table CXXI. 

Table CXXI 


Relation between Quantity of Stimulus and Response in the Ilapto- 
tropic Reaction of Seedlings 



Percentage 

of Individuals responding with Different Quantities 

Species 



— 

of Stimulus 

— 



1 

5 

10 i 

20 

50 

100 


stroke i 

strokes 

j strokes j 

strokes 

strokes 

strokes 

Agrostemma githago . 

i 

70 i 

70 

i i 

j 97 

100 

100 

100 

Avena saliva . 

44 i 

100 

1 — ! 

100 

— 

-- 

Cannabis sativa 

58 i 

— 

ioo i 

100 



— 

Panicum miliaceum . 

78 j 

92 

1 90 

100 

i 80 

: — 

Phaseolus vulgaris 

o I 

0 

i 17 

41 

j 68 

: 89 

Ricinus communis 

29 ; 

— 

| 53 

100 

! 83 

] 100 

Silybum marianum 

0 

41 

! — 

79 

| 82 

1 100 

Sinapis alba 

70 

95 

! | 

100 

100 

! 

Zea mais .... 

33 | 

i 

— 

1 “ ! 

93 

100 



With increasing stimulation the mean curvature of a population 
of stimulated seedlings increases, at first rapidly with increase in the 
quantity of stimulus and then more slowly. Here Stark has sought to 
show that the relation between quantity of stimulus and mean response 
obeys the Weber-Fechner law. 

Latent Time. Stark also found that the stronger the stimulus, the 
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sooner the curvature starts; that is, the shorter is the latent time. The 
latent time of the reaction to contact stimulation is generally quite short, 
notably shorter than in geotropic or phototropic reaction. Darwin ob- 
served that tendrils of Bignonia capreolata became slightly curved 10 
minutes after coming in contact with a stick, while within 80 minutes 
they had completely curved round it. A tendril of Passiflora gracilis 
after a single delicate touch on its concave surface at the tip produced a 
definite curvature in 2 minutes, while in Passiflora punctata a definite 
curvature took place 5 to 10 minutes after stimulation. Among organs 
other than tendrils Van der Wolk found a latent time for the coleoptile 
of Avena saliva of about 9 minutes. Stark found the latent time for con- 
tact stimulation in a number of seedlings was related to the thickness of 
the organ. He stimulated equally seedlings of a number of species. In the 
thin seedlings of Agrostemma githago , Phalaris canariensis and Panicum 
miliaceum more than 50 per cent, of the individuals examined had reacted 
in less than 20 minutes; indeed, in Agrostemma about 50 per cent, had 
reacted in about 8 minutes, and in Brassica napus the same proportion 
in about 12 minutes. On the other hand, in the stouter seedlings of 
Ricinus communis and Silybum marianum about 50 minutes elapsed 
before 50 per cent, of the seedlings stimulated showed visible curvatures, 
while in Lupinus albus , the thickest species examined, about 70 minutes 
were necessary for this. 

In addition to the diameter, the rate of growth and the length of the 
growing zone affect the latent time. Obviously the more rapid the growth 
and the longer the growing region, the sooner will the differential rate of 
growth of the two sides result in a visible curvature. Since the rate of 
growth depends on the stage of development of an organ, it is clear that 
the latent time will vary during the development of the organ, and this 
holds equally for tendrils and other organs. 

It has already been mentioned that Stark found that the latent time 
of haptotropie reaction was reduced with increase in the quantity of the 
stimulus. Stark’s numbers illustrating this for seedlings of Agrostemma 
githago are shown in Table CXXII. 

Table CXXII 

Relation between Quantity of Stimulus and Latent Time for Hapto- 
tropic Reaction in Seedlings of Agrostemma githago 


Quantity of 
Stimulus 
(Number of 
Strokes) 


1 

10 

20 

50 

LOO 


Percentage of Seedlings exhibiting Curvature after Various Times 

20 min. 

40 min. 

GO min. 

80 min. 

100 min. 

25 

60 

70 

70 

70 

36 

79 

98 

97 

97 

70 

98 

93 

100 

100 

74 

89 

98 

100 

100 

78 

89 

95 

100 

100 
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Localization of Perception of the Stimulus of Contact and the Conduction 
of Excitation . It is very easy to limit the stimulus of contact to a very 
small area and so to determine how far the perception of the stimulus is 
limited to certain regions. In tendrils it has been shown by Darwin and 
others that all parts of the organ are not equally sensitive to the stimulus. 
Frequently the basal part of the organ, although capable of growth, has 
not the power of perception. In many species, including members of the 
Cucurbitaceae, only the under, or concave, side of a tendril is sensitive, 
while in others, including Cobaea scande?is, Smilax aspera and Cissus 
discolor , the tendrils are sensitive to contact on all sides. Tendril-like 
petioles and the stem of Cuscuta are similarly sensitive all round. In 
Ampelopsis veitchii sensitivity to contact is limited to a small region at 
the tip of the tendril. 

With sharply localized stimulation of tendrils the curvature com- 
mences at the place of stimulation and only extends about 1 cm. from 
this place. There is thus only slight conduction of excitation. 

In seedlings Stark found a definite difference between dicotyledons 
and Gramineae as regards localization of perception. In dicotyledons, 
such as Agrostemma , the whole of the hypocotyl is sensitive to contact, 
but the zone of greatest sensitivity coincides with the most actively 
growing region. When stimulated in this region the resulting curvature 
commences in the stimulated place and spreads towards the base, if 
growth is still possible there. If stimulated in the basal region the curva- 
ture sometimes commences there and spreads upwards. In other species 
a slight curvature results over the whole hypocotyl, the maximum curva- 
ture finally occurring a little below the apex. In most instances, how- 
ever, of local stimulation at the base of the hypocotyl, the curvature 
commences at the apex and travels towards the base. In spite of the 
differences in individual behaviour, presumably depending on differences 
in the extent of conduction of excitation in different individuals, it is 
clear that such conduction is a more marked feature of haptotropic 
response in seedlings than in tendrils. Thus in Agrostemma githago the 
excitation can be conducted for a distance of 3 to 4 cm., in Hclianthus 
annuus for about 7 cm. and in liidnus communis for 5 to 10 cm. On the 
other hand, in hypocotyls of Brassica napus the reaction, as in tendrils, 
scarcely extends beyond the place of perception, so that the curvature 
is practically limited to the place at which the stimulus is applied. 

In the Gramineae two types, as exemplified by Avena and Panicum 
respectively, can be differentiated in regard to localization of perception 
to the stimulus of contact. In the Avena type the apical region of the 
coleoptile, that is, the uppermost 3 or 4 mm., is without sensitivity to 
contact, but the remainder of the coleoptile possesses about the same 
sensitivity throughout. When the mesocotyl is developed at all it is with- 
out contact irritability. In seedlings of the Panicum type, on the other 
hand, the mesocotyl is the more sensitive organ, the coleoptile possessing 
only weak sensitivity to contact. In seedlings of Gramineae a conduction 
of haptotropic excitation can also occur to a considerable extent, while 
88 
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in older stems, petioles and inflorescence axes of a number of vascular 
plants a conduction of the excitation over a distance of 5 cm. has also 
been observed, while in Clematis the excitation can be conducted for a 
distance of 10 cm. 

It may be noted that the sensitivity to contact may not only vary in 
different regions of the same organ, but also at different times during the 
development of the organ. Thus, Darwin mentioned that a half-grown 
tendril of Passi flora gracilis is not sensitive, but that when fully grown 
the tendril is very sensitive. 

We have little information at present regarding the mechanism of 
perception and conduction in the case of irritability to contact and 
whether here also perception of the stimulus involves an uneven distribu- 
tion of growth substance has not yet been determined. 

Haptotropic Stamens . Before leaving the subject of haptotropism 
reference may be made to the sensitive stamens of certain Cactaceae 
(Opuntia and Cereus) which when touched move towards the stimulated 
side. It thus appears legitimate to describe these movements as hapto- 
tropic. The phenomena of irritability in these stamens nevertheless 
appear very similar to those in other irritable stamens in which the 
response to stimulation is independent of the direction of the stimulus, 
and which are in consequence considered as nastic phenomena. Stamens 
exhibiting a less degree of haptotropic sensitivity are met with in Spar - 
mannia and some species of Tiliaccae and Port ulacaceac. The mechanism 
of movement in these stamens is not known. 

RHEOTROPISM 

It was recorded in 1883 by Jbnsson and later confirmed by Ncwcombe 
and by Juel that the roots of many, but not all species, when grown in a 
stream of running water, execute a curvature so that the root apex comes 
to be directed against the direction of the current. This phenomenon is 
described as positive rhcolropism, since the roots curve in the direction 
from which the water comes. The sensitivity to the stimulus of running 
water varies with the stage of development of the root, and the species. 
Generally speaking, seedling roots are more sensitive than those of more 
adult plants. As regards specific differences, the roots of some species arc 
quite insensitive, while those of the Gramineae and Cruciferae are most 
sensitive. According to Jonsson, the hyphae of Botrytis cinerea are posi- 
tively rheotropic and those of Mucor and Phycomyces negatively rheo- 
tropic. Among roots Ncwcombe found that with ltaphanus sativus a water 
velocity of 2 cm. a minute produced no response, while a maximum 
positive response was reached with a water velocity of 100 to 500 cm. a 
minute. With much higher velocities (e.g. 1000 cm. a minute) curvature 
was observed to result but was attributed by Newcomb e to mechanical 
conditions unconnected with stimulation. A zone of about 15 mm. was 
found to be perceptive in roots of Raphanus sativus , whereas the growing 
region is only about 6 mm. long. 
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Several interpretations have been given of rheotropism. Pfeffer 
regarded the phenomenon as a case of hydrotropism, but against this 
view it has been pointed out that only the root tip is sensitive to hydro- 
tropic stimulation whereas, as we have just seen, a much greater length 
of root is perceptive of the rheotropic stimulus. Newcombe also found 
that rheotropic curvatures occurred in roots covered with a collodion 
membrane through which water penetrated very slowly. 

More recently Sen-Gupta has reported that rheotropic curvatures are 
not produced by a stream of pure distilled water, but that if very small 
quantities of certain salts are present in the water the roots react 
rheotropically. If this should prove to be general it would appear that 
rheotropism is a special case of chemotropism. 

A third view of rheotropism is that the curvatures are a response to 
the stimulus of the pressure of water. If this is so the question arises 
whether rheotropism is to be regarded as a special case of contact stimu- 
lation. We have already noted that tendrils are not stimulated by the 
pressure of water or wind, a fact which led Pfeffer to lay emphasis on the 
necessity for contact with a solid body to effect haptotropic stimulation. 
But here Stark’s work has shed a different light on this question, for as 
mentioned earlier he found that curvatures resembling those produced by 
stroking with a solid body could also be produced by a jet of water 
impinging on the sensitive organs. 



CHAPTER XXV 


NASTIC PHENOMENA 

It has been pointed out earlier that the essential difference between a 
tropic and a nastic movement or curvature is that in the former the 
stimulus is directional and the response has a relation to this direction, 
whereas in nastic phenomena the response has no relation to the direc- 
tion of the stimulus and can be brought about generally by a change 
in a condition all round the organ, so that the stimulus can be described 
as diffuse. In some cases of nastic irritability indeed, the stimulus may 
be applied unilaterally, but inasmuch as the response is independent of 
the direction of the stimulus, the phenomenon is not a tropic, buta nastic 
one. The position may be made clear by citing two well-known examples. 
When flowers of Crocus or Tulipa which have been kept at, say, a temper- 
ature of 10° C. are brought into a higher temperature of, say, 20° to 25° C., 
the flowers open, that is, growth curvatures occur at the base of the 
perianth leaves. The movements of the perianth leaves involved in the 
opening of the flowers are thus thermonastic movements, brought about 
by the change in temperature all round the flower. The stimulus is thus 
a diffuse one. The second example is that of the irritable stamens of 
Helianthemum or Mescmbryanihemum. When touched the stamens of 
these plants execute a movement which is in the same direction wherever 
the stamens may be touched. The response to the stimulus being thus 
independent of the place receiving the stimulus, that is, to its direction, 
the movement is a nastic one, and the phenomenon can be referred to as 
seismonasty or haptonasty (thigmonasty) according as one regards the 
stimulus as one of shock or one of contact. 

Reference was made in the last chapter to irritable stamens which 
exhibit haptotropism, and it seems likely that whether the response in 
irritable stamens is tropic or nastic depends on the anatomical structure 
of the stamens. And in general it must be supposed that where a diffuse 
stimulus produces a curvature, the organ concerned must possess a 
certain degree of dorsivcntrality or asymmetry which is most likely to be 
morphological, but which may be only physiological; otherwise the 
change in environment constituting the stimulus should produce equal 
changes in growth rate on all sides of the organ. A unilateral stimulus, 
as we have seen, gives rise in a previously radial organ to a physiological 
dorsiventrality which may lead to a curvature. The incidence of tropic 
or nastic curvatures thus depends in great degree on whether an organ 
is radially organized or not, but as we have seen, tropic stimulation can 
occur in a dorsiventral organ. Thus while a completely radial organ 
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cannot perform a nastic curvature, a dorsiventral or asymmetrical organ, 
even if only physiologically so, might respond by curvature to either a 
unilateral or a diffuse stimulus or both. Where a unilateral stimulus 
produces a nastic curvature the response being independent of the direc- 
tion of the stimulus, wc must suppose that either only certain cells are 
capable of both perception and response, or that conduction of excitation 
is always to the same place wherever the stimulus is perceived. In any 
case there is no reason to suppose that the mechanism of perception, the 
conduction of excitation and the mode of reaction are essentially different 
in tropic and nastic phenomena. 

Most of the conditions which can provide tropic stimulation can also 
give rise to nastic stimuli. Thus wc have the phenomena of photonasty, 
thermonasty, hydronasty, haptonasty, seismonasty and chemonasty, 
according as the stimulus is produced by light, temperature, water, 
contact, shock or chemical substances. As with tropic phenomena, the 
response generally takes the form of movement, using the term in its 
wide sense to include curvature, and the mechanisms of response arc also 
the same, involving growth curvatures, torsions or variation movements 
attributable to turgor changes in the cells of certain tissues, or a com- 
bination of these. Not infrequently plant movements taking place under 
natural conditions result from a combination of the reaction to two or 
more nastic stimuli or from a combination of the effects of both tropic 
and nastic stimuli. 


PI IOTON AST Y 

The daily periodic movements which occur in the opening and closing 
of many flowers, and the so-called ‘sleep’ movements of some foliage 
leaves, appear at first sight to bear an obvious relationship to the periodic 
alternation of day and night, and because of their connexion with the 
oncoming of night they have been described as nyetinastic . The most 
obvious change in conditions as day gives place to night is the alteration 
in light intensity, but this is also accompanied very generally by a change 
in temperature, so that nyetinastic movements might be either photo- 
nastic or thcrmonastic or both. Further, associated with the change from 
day to night are changes in the electrical conditions, a fact familiar to 
every user of a wireless receiver before the development of automatic 
volume control, and it cannot be assumed that such electrical changes 
are without effect on plants, although at present little is known of any 
such effect. 

Whether nyetinastic movements are due chiefly to light or to temp- 
erature change is a question which can be answered in a few, but in by 
no means all, cases. 

The nyetinastic movements of leaves are for the most part attributed 
to photonasty. The movements may be brought about by differential 
growth on two sides or by turgor changes in the cells of the leaf base. 
A type of photonastie growth movement of leaves is exhibited by Itn- 
patiens and other members of the Balsamineae in which the leaves droop, 
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that is, hang vertically downwards, at night, whereas during the day 
they are expanded more or less horizontally. The reverse movement, 
also brought about by growth, occurs in other species, the leaves pointing 
more or less vertically upwards at night. This type of nyctinastic move- 
ment is observed in, among other plants, Amaranthus spp., Nicotiana 
glauca and Chenopodium album. It may be noted that these two types of 
movement may occur in the same genus, for in Polygonum convolvulus 
the leaves droop at night, while in Polygonum avicularc the leaves stand 
erect at night. In these plants it can easily be shown that the movements 
are related to light by darkening the plants during the hours of daylight 
when the nyctinastic movement follows. 

Since these movements result from differential rates of growth on 
two sides, it follows that the movements only occur while the leaves 
retain the power of growth. As these become fully grown the movements 
become less and when a leaf is mature no longer take place. 

Variation photonastic movements of leaves, resulting from changes 
in turgor of cells in the leaf-bases, or so-called motile pulvini, occur in 
many members of the Oxalidaeeae and Leguminosae and in some other 
plants, including Marsilia. The actual movements show a certain amount 
of variation among themselves. In many species the leaves are expanded 
more or less horizontally during the day and droop at night. This be- 
haviour is exemplified by the leaves of Dcsm odium gyrans , where the 
drooping of the leaf lamina is accompanied by an upward movement of 
the petiole. In Trifolium the three leaflets are expanded horizontally 
during the day, but at night the two lateral leaflets bend downwards and 
their stalks twist so that the laminae move towards one another until 
their upper surfaces arc close together with their midribs making an 
angle of about 45° wdth the petiole of the leaf. At the same time the 
terminal leaflet bends right over and folds about the midrib until it 
comes to lie over the lateral leaflets. It may thus move through an angle 
of 90° to 180° and comes to rest in its night position with its morpho- 
logically under surface uppermost. Darwin found these nyctinastic 
movements essentially the same in all species of clover. The day and 
night positions of the leaves of Oxalis arc shown in Fig. 62. 

In Kobinia and Amorpha the leaves arc compound and the leaflets 
pinnately arranged in pairs with a terminal leaflet. During the day the 
leaflets are expanded more or less horizontally, but at night they all hang 
vertically downwards, the under surface of each pair being virtually in 
contact. The sleep movements of the leaves of Avcrrhoa were recorded 
by Bruce in 1785. Here also the leaf is a compound one with about 10 
pairs of leaflets pinnately arranged and a terminal leaflet. As noted 
earlier, during the day the leaflets execute spontaneous movements, at 
night they all hang vertically downwards, as in Itobinia . 

The type of nyctinastic movement in which the leaflets sink at night 
is fairly common. Occasionally the movement of the leaflets is accom- 
panied by movement of the leaf petiole which rises in Centrosema and 
Phaseolus , and sinks in Amphicarpaea . 
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The reverse type of nyctinastic movement in which the leaflets rise 
at night is also met with. In ten species of Lotus Darwin observed that 
the leaf petiole rises at night while the three leaflets rise until they are 
vertical. In Coronilla rosea , Mimosa pudica and Mimosa marginata the 
leaves arc compound with a number of pairs of opposite leaflets as in 
liobinia ; here the leaflets rise at night until the upper surfaces of the two 
leaflets of each opposite pair approach one another. There is, however, 
this difference between Coronilla rosea and Mimosa pudica : in the former 
species the leaflets, as well as rising at night, arc twisted so that their 
apices are directly towards the base of the petiole, whereas in Mimosa 
the apices of the leaflets in their night position are directed towards the 
apex of the leaf. In Mimosa pudica the petiole of the leaf slowly sinks 
during the day and rises during the night, while in Coronilla rosea the 
petiole is curved slightly downwards during the day and rises and 
straightens itself at night. 

Enough has been stated to indicate that nyctinastic movements in 
leaves arc frequent and varied. Such movements are not limited to adult 
leaves but also occur in cotyledons; indeed the movements according to 
Darwin are more widely distributed in cotyledons than in foliage leaves. 
In the former, as in the latter, they include both growth movements and 
variation movements due to changes in cell turgor. As is to be expected, 
the latter type of movement continues longer than growth movements, 
which naturally cease when the cotyledons cease growth. The same 
applies to foliage leaves, in which nyctinastic growth movements can 
continue only as long as the leaf is capable of growth, whereas nyctinastic 
variation movements can continue as long as the leaf remains alive. 

In Mimulus tilingii whole foliage shoots, which are more or less 
horizontally expanded during the day, rise at night, a movement shown 
by Vochting to be photonastie. 

As is well known, many flowers close at night, but not in all cases is 
the closure related to change in light intensity. The closing of flowers 
of Oxalis and allied genera, among others, are, however, photonastie, 
while the same is true of most flowers which open at night and close in 
the daytime, such as the evening primrose ( Oenothera ), tobacco (A 7 ico- 
tiana) and certain cacti, for example, C virus grandiflorus . In many Com- 
positac the florets execute photonastie movements which bring about 
the closure of the whole inflorescence. In the daisy (liellis) this is effected 
by curling of the ligulate ray florets inwards over the disk; in Hicracium 
all the ligulate florets bend upwards and inwards. 

In Tragopogon brevirostris the inflorescence closes in this way when 
the light intensity is reduced, but also closes when the intensity of 
illumination is increased beyond a certain value. Whether such a reversal 
of movement would occur in other cases with sufficiently high light 
intensity is not known. 

The photonastie movements of flowers are in all probability growth 
movements, since they closely resemble the movements, to be described 
later, induced by change iii temperature and which have been shown 
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to be due to different rates of growth on the two sides of the perianth 
leaves. 

The photonastic movements described above take place periodically 
with plants growing under natural conditions, the periodicity in move- 
ment corresponding with the periodicity in the stimulus of change in 
light intensity. In very many eases this periodicity appears to become 
fixed to some extent, so that when a plant which has been performing 
these movements under natural conditions is transferred to conditions 
involving continuous illumination or continuous darkness the move- 
ments continue for a time, although with regularly decreasing intensity. 
The time for which they continue varies with the species. Thus in dark- 
ness the movements of the inflorescence of Beilis perennis cease after 
1 or 2 days, those of the flowers of Oxalis rosea after 3 or 4 days, while 
those of the leaves of Impatiens noli-me-tangerc and Mimosa pudica may 
continue for from 4 to 8 days. It would appear that the normal periodicity 
resulting from periodic stimulation induces an autonomic movement 
which sooner or later dies out under constant illumination or darkness. 
If after this condition has been reached, the plant is then stimulated 
by transference to darkness or light as the ease may be, the photonastic 
response again occurs, although not always to the same extent as before. 
It may, perhaps, be supposed that the greater response under continued 
natural alterations of light intensity is due to the induced autonomic 
movement supplementing that of the purely photonastic curvature. The 
point may be illustrated by reference to Pfeifer’s researches on the leaf 
movements of a variety of Sigesbeckia orientalist . If the periodicity in the 
sleep movements of the leaves of this plant was brought to an end by 
subjecting the plant to continuous illumination, the photonastic move- 
ment of the leaves after a single night’s exposure to darkness was slight, 
namely, movement through an angle of 10° to 30°. If the plant was then 
subjected to daily alternations of light and darkness, the movement 
resulting from each subsequent exposure to darkness was greater, until 
after the fifth stimulation in this way the movement was through an 
angle of 70° to 100°, the normal movement under the normal alternations 
of night and day. Obviously, where a single stimulation results in the 
full amplitude of movement, subsequent stimulations cannot produce 
any increase in the movement. This is the case in the leaves of Acacia 
( Albizzia ) lophantha . Here, after a period of continuous illumination 
sufficiently long to bring about cessation of the periodic movement, a 
single night’s exposure to darkness causes the leaflets to rise to their 
highest position. 

Even with a single stimulation there is usually more than a single 
movement, the first movement being followed by a few others of smaller 
amplitude. 

According to Yin, cited by Van Overbeek, the nyctinastic movements 
of the leaves of Carica papaya arc due to differential growth of the two 
sides of the upper third of the petiole. These leaves orientate themselves 
horizontally during the day and vertically at night. The upper side of the 
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petiole grows continuously but more rapidly during the forenoon than 
during the afternoon and evening, thus bringing about the change from 
the daylight to the night position. Yin succeeded in relating these changes 
in growth rate to the distribution of auxin in the lamina. The auxin from 
the lamina is conveyed in the phloem of the vascular bundles, those from 
the apical lobe passing^down to the under side of the petiole, while those 
from the basal lobes of the leaf pass to the upper side of the petiole. 
Determination of the auxin content of the apical and basal lobes of the 
leaf at different times of the day showed that the changes in auxin 
content corresponded with the changes in growth rate of the upper 
and lower sides of the petiole. The nyctinastie movements of Carica 
papaya leaves thus appear to be related to auxin in the same way as 
phototropic movements. 


THERMONASTY 

The best-known thermonastic curvatures are those which occur in 
the flowers of Crocus and Tulipa , where an increase in temperature 
brings about opening of the flowers, and a fall in temperature closure of 
the flowers. In Crocus a change in temperature of no more than 0*5° C. 
may bring about a movement of the perianth leaves. Some other flowers 
also show a thermonastic reaction, including those of Ornithogalum 
umbellatum , Colchicum autumnale , Anemone nemorosa and Ranunculus 
ficaria , although in these a change in temperature of 5° to 10° C. may be 
required to induce a response. In Crocus and Tulipa the latent time may 
be only a few minutes, but is longer in the other species mentioned above. 

Thermonastic movements have also been recorded as occurring in 
leaves with motile pulvini, including those of Oralis acetosclla , Mimosa 
pudica and Desmodium gyrans and in some shoots and peduncles. 

While the thermonastic movements of leaves with motile pulvini are 
due to changes in turgor of the cells, the thermonastic movements of 
flowers are brought about by changes in the growth rate of the perianth 
leaves. With increase in temperature there results in the perianth leaves 
of Tulipa , for example, marked increase in the rate of growth in the upper 
side of the perianth leaf, which is followed later by an increased growth 
of the lower side. Growth takes place chiefly towards the base of the 
perianth leaf. With a fall in temperature growth is first more rapid on 
the lower side, and later on the upper side. According to the researches 
of Biinning, published in 1929, increase in temperature brings about an 
increase in the modulus of elasticity of the walls of the cells of the upper 
side of the perianth leaves of Tulipa. 

Measurements of the rate of growth of the two sides of the perianth 
leaves of Crocus and Tulipa after thermonastic stimulation were pub- 
lished in 1904 by Wicdcrsheim. The results of some of his observations 
on Crocus arc shown graphically in Fig. 63. It will be observed that after 
a change in temperature from 9*3° to 20-8° C. the upper side immediately 
begins to grow rapidly. The lower side at first shows only negligible 
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growth, but after about 2 hours the lower side begins to grow. Similar 
relations were observed in Tulipa. 



Fig. 6»3. — Curves to illustrate the course of growth on the two sides of a perianth member 
of Crocus as a result of thcrmonustic stimulation 
A, Inner side; II, Middle zone; C, Outer side. 

In a number of plants possessing thermonastie flowers, maintenance 
at a comparatively low temperature results in the flowers remaining 
closed throughout their whole* development. This was observed by Pfeifer 
in the flowers of Crocus and Oxalis rosea , and the inflorescences of Iliera- 
cium and Leontodon. 

It appears possible that a reversal of direction of thermonastie move- 
ment may occur with high temperatures. Tims closure of the flowers of 
Crocus has been observed under such conditions, and it has been sug- 
gested that such a reversal of thermonastie response may explain the 
incidence of the ‘sleep’ position of leaves of many tropical plants in the 
hottest hours of the day. 


IIYDKONASTY 

Changes in the relative humidity of the atmosphere may induce 
movements which can be regarded as hydronastic. Indeed, Jost expressed 
the opinion that in all nyctinastic leaves, the night and day positions 
are partly determined by changes in humidity as well as by changes in 
light intensity and temperature. Among leaves which have been recorded 
as taking up the sleep position as a result of increased humidity of the 
air may be mentioned those of Oxalis and Myriophyllum proserpinacoides . 

CHEMONASTY 

The production by chemical stimuli of curvatures which arc inde- 
pendent of the direction of the stimulus, and which arc therefore to be 
regarded as chemonastic, occur notably in some insectivorous plants. Of 
these, Drosera rotundifolia in particular formed the subject of detailed 
observations by Charles Darwin, described in his book on Insectivorous 
Plants , in which are also recorded data on other species of Drosera y and on 
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Dionaea muscipula, Aldrovanda vesiculosa and species of Pinguicula and 
Utricularia among others. 

~lt is well known that the upper surface of a leaf of Drosera bears, in 
addition to small non-secreting hairs, a large number of glandular hairs 
or tentacles. In D, rotundifolia Darwin found these numbered from 130 
to 260 on a single leaf. They are short and erect on the middle of the leaf 
and longer and more inclined outwards the nearer they are to the margin. 
On the edge of the leaf they either extend outwards in the plane of the 
leaf or are actually curved downwards. Each tentacle consists of a pedicel 
terminating in a knob-like ellipsoidal gland which secretes a viscous 
fluid containing proteolytic enzymes which digest the bodies of insects 
which come into contact with the tentacles (Chapter XIII). 

Darwin found that whereas a drop of distilled water 1 placed on a leaf 
of Drosera has no effect on the tentacles, placing on a leaf a drop of liquid 
containing one of a number of nitrogenous substances caused the tent- 
acles to curve over towards the middle of the leaf. Among substances 
found by Darwin to bring about curvature of the Drosera tentacles in 
this way were milk, urine, egg albumin, meat infusion, saliva, isinglass 
and a number of ammonium salts. Most alkaloids, on the other hand, 
had no effect. The non-nitrogenous organic substances tested by Darwin 
brought about no response; such substances were sucrose, starch, ethyl 
alcohol and olive oil. Various salts, however, particularly those of sodium, 
brought about the curvature of the tentacles, while others, notably those 
of potassium, were without effect or doubtful in their action. Most acids, 
also, induced a chemonastic curvature. 

Of the substances tested by Darwin ammonium phosphate proved 
the most active. A drop of solution containing little more than 0 000423 
mg. of the crystallized salt placed on the glandular head of an outer 
tentacle was sufficient in some instances to induce curvature of the 
tentacle within 6-25 hours, while when comparatively large quantities 
of phosphate were placed on the leaf, the tentacles in one instance moved 
within 15 minutes. Ammonium carbonate and nitrate were found to be 
less effective than the phosphate. Relative data found by Darwin for the 
three salts are summarized in Table CXXIII. 

Table CXXIII 

Minimum Quantities of Ammonium Salts required to induce Chemo- 
nastic Reaction of the Tentacles of Drosera rotundifolia 

Minimum Quantity in mg. required to 
Salt # induce Curvature of Outer Tentacles 

Solution placed on Solution placed 
Glands of Middle of directly on Gland 
Leaf of Outer Tentacle 

Ammonium carbonate . . . 0-0675 0-00445 

Ammonium nitrate .... 0 027 0 0025 

Ammonium phosphate . . . 0-0169 0-000423 

1 It was later reported by Correas that distilled water induced a feeble 

response. 
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It is to be observed that stimulation not only induces movement of 
the tentacles but also results in an increase of the secretion of the diges- 
tive fluid by the glands. The chemical nature of the secretion itself also 
appears to change, since Darwin states that as a result of stimulation the 
secretion becomes acid. 

The course of the chemonastic curvature in Droscra tentacles has been 
examined in more recent times by II. I). Hooker. The curvatures are due 
to unequal growth on the two sides. The unequal growth commences 
towards the base of the tentacle and extends upwards, the side nearer the 
margin of the leaf growing more rapidly. In Hooker’s experiments the 
curvature reached its greatest extent in 3*25 hours, after which more 
rapid growth on the concave side led to a straightening of the tentacle, 
which was complete in about 24 hours. As a permanent result of such 
behaviour the tentacle increases in length. In three successive stimula- 
tions Hooker found that a tentacle increased in length by 0*43 mm., 
0-37 mm. and 0*24 mm. after which the tentacle was no longer capable of 
growth and was incapable of responding to further stimulation. With 
successive stimulations the curvature is more and more limited to the 
basal part of the tentacle. 

In the chemonastic reaction of Droscra tentacles there is a very 
definite conduction of the excitation. The seat of perception appears to 
be the glandular tip of the tentacle and application of the stimulus at 
this place results in curvature of the stalk. Moreover, stimulation of 
tentacles in the middle of the leaf induces curvature of the tentacles as 
far away as the margin, w hile Darw in showed that a decapitated tentacle 
still possessed the power of response by curving when a neighbouring 
tentacle was stimulated.. 

Darwin showed that certain visible changes in cells of the tentacles 
are associated with stimulation; changes which he referred to as ‘aggre- 
gation’, and which have also been studied by a number of subsequent 
observers. Before stimulation the cells contain a layer of protoplasm 
within the wall and surrounding the vacuole, the latter appearing as a 
homogeneous purple liquid. After stimulation the eell contents appear to 
be aggregated into purple masses contained in a colourless or almost 
colourless liquid. According to later observers, these visible changes 
are due to a change in the relative quantities of protoplasm and vacuole 
in the cells, the volume of the protoplasm increasing at the expense of 
the vacuole which becomes broken up into a number of smaller vacuoles. 
At the same time the protoplasm begins actively streaming. Next a 
precipitate appears in the cell-sap of the vacuole, the precipitated sub- 
stance being frequently, though not always, tannin. The precipitated 
particles are often stained red owing to the adsorption of the pigment 
present in the vacuole. 

These changes in the cells of the tentacles consequent on stimulation 
are first observed in the cells of the glands and then extend down the 
tentacles. Conversely, as the tentacles recover their original direction 
the state of aggregation gives place to the normal non-aggregated appear- 
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ance, and just as the condition of aggregation travels down the tentacle 
after stimulation, so the disaggregation travels upwards in the reverse 
direction. 

It has been supposed that in the progress of aggregation through the 
tentacle we see the transmission of the excitation. There are, however, 
serious arguments against this view. When a marginal tentacle responds 
as a result of stimulation of another tentacle (so-called secondary stimu- 
lation) the progress of aggregation in the former still travels from the 
upper to the lower part of the tentacle, and not in the reverse direction 
as one would expect if the transmission of the excitation were brought 
about through the aggregation. Again, in secondary stimulation the 
aggregation does not set in with the curvature of the stalk but only with 
increased secretion by the gland. The aggregation thus appears to be re- 
lated to the secretory function and not to the conduction of the excitation. 

Nevertheless, it is highly probable that the conduction of the excita- 
tion is brought about by the transport of some substance, and since the 
chemonastic response of the tentacles is a growth curvature it may be 
that auxin is again the substance involved. The excitation can be trans- 
mitted through parenchymatous cells, for Darwin showed that such 
transmission still took place when the vascular bundles of the tentacle 
were cut through. On the other hand, such treatment has been shown to 
reduce the rate of conduction of the excitation and it may be supposed 
that the hormone travels more rapidly through the elongated cells of the 
vascular bundles than through the shorter parenchymatous cells of the 
outer tissues. 

^ Dionaea muscipula is a North American species of the Droseraceae. 
In this plant the leaf consists of a somewhat flattened leaf stalk termi- 
nating in a bilobed lamina. The two lobes of the lamina are not in the 
same plane but, in their normal position, form an angle of something 
more than a right angle with one another. The margin of each lobe bears 
a row of rigid spike-like projections and the upper surface of each lobe 
has three fine spines projecting at right angles to the leaf surface. In 
addition to these the leaves bear three other kinds of emergences. On the 
upper surface of the leaf lobes there are a large number of short glandular 
papillae, while octofid papillae occur mainly on the petiole and under 
side of the lamina and simple hairs on the under surface of the lamina. 
The short glandular papillae are secretory, but only produce their secre- 
tion when stimulated by a nitrogenous substance, such as a piece of damp 
meat or egg albumin. The stimulus also induces a slow movement of the 
leaf lobes which close together, the midrib acting as a hinge and the 
margins moving upwards and approaching one another. The movement 
is, however, very much slower than the haptonastic movement of the 
same leaves which will be described later. In Darwin’s experiments it 
required about 3 or 4 hours for secretion to commence when the leaves 
were stimulated chemically and a period of the order of 24 hours for the 
leaves to close. Inorganic non-nitrogenous substances were reported by 
Darwin to have no effect. 
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In Pinguicula vulgaris it was observed by Darwin that placing 
insects on a leaf at a point near the edge induced the margin to curve over 
and inwards towards the midrib. The same result was obtained by stimu- 
lating the leaf at the margin with an infusion of raw meat or a weak 
solution of ammonium carbonate. Here also, as well as inducement of a 
chemonastic movement, there is a stimulation of secretion by the glands 
which are borne on the surface of the leaf. The chemonastic response 
takes place much more rapidly in Pinguicula than in Dionaea , for the 
shortest time in which a definite movement of the Pinguicula leaves was 
observed after placing a nitrogen-containing liquid on the leaf was 137 
minutes. Other species of Pinguicula exhibit the same general behaviour, 
which is also observed in species of Drosera when strongly stimulated. 

A chemonastic movement is induced in stamens of Berberis by 
ammonia. This movement takes the form of a sudden contraction of the 
filament. Ammonia also brings about a chemonastic movement of the 
stigmas of the same species which thereby close together. 

Chemonastic movement of leaves has been observed in Mimosa 
jntdica , in which chloroform vapour induces movement of the pulvinus, 
and in Callisia reptns in which coal gas induces a curvature of the leaves. 
While the chemonastic reaction in Drosera tentacles is brought about by 
unequal rates of growth on the two sides of the organ, the movement of 
Mimosa leaves and probably of Berberis stamens, is due to turgor changes. 

In some insectivorous plants chemical stimulation produces a response 
in the form of increased secretion of the digestive fluid, but no chemo- 
nastic curvature results. Such is the response in the leaves of Droso- 
phyllum lusitanicum and the pitchers of Nepenthes . 

HAPTONASTY 

Reference has been made earlier to the difference between the stimu- 
lus of contact with a solid body and that due to shock, in which the 
exciting factor may be solid, liquid or gaseous. The most conspicuous 
examples of response to contact are tropic in character, inasmuch as the 
direction of curvature resulting from stimulation is related to the direc- 
tion, or place of application of the stimulus. There are also, however, 
examples of contact stimulation in which the direction of the curvature 
or movement resulting from stimulation is unrelated to the direction of 
the stimulus and which are therefore to be regarded as haptonastic. 
Chief among materials exhibiting haptonastic curvatures are some of the 
insectivorous plants considered in the preceding section of this chapter, 
notably Drosera . 

The tentacles of Drosera rotundifolia respond to the stimulus of con- 
tact in the same way as they respond to chemical stimulants, and the 
stimulus of contact induces an increase in the secretion of the digestive 
fluid by the glands, as well as the curvature of the filaments of the 
tentacles. Again, as with chemonasty, there can be both direct and 
indirect stimulation. The former is produced when the glandular head of 
an outer tentacle is touched; the response then consists in the bending of 
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the tentacle filament towards the middle of the leaf. Indirect stimulation 
is effected by touching the tentacles of the middle part of the leaf when 
the outer tentacles also respond by bending over towards the middle of 
the leaf. 

In both direct and indirect stimulation there is a conduction of the 
excitation just as with stimulation by chemical substances; in direct 
stimulation the excitation is conducted from the seat of perception, the 
glandular head, to the base of the filament where curvature begins, while 
with indirect stimulation the conduction takes place from the glands of 
the tentacles of the middle of the leaf, through cells of the leaf lamina to 
the base of the outer tentacles. 

In direct stimulation the latent time may be quite short. Thus Darwin 
observed in one instance a distinct curvature of a tentacle 10 seconds 
after a small piece of raw meat had been placed on the gland, while the 
tentacle had curved right over so that its head reached the middle of the 
leaf in less than 17*5 minutes after the first application of the stimulus. 
Here response appeared to be exceptionally rapid, but it seems to be 
quite usual for a considerable curvature to result within 5 or G minutes 
from the first application of the stimulus. It may be noted that contact 
with a solid body here constitutes the stimulus, for a response in the 
form of a curvature of the tentacles results when any solid material, such 
as glass, paper, cork, gold leaf, thread or hair is used to effect contact, 
whereas neither drops of water nor the pressure of a wind have any effect. 

With indirect stimulation the latent time is longer, as is only to be 
expected in view of the greater distance through which the excitation is 
conducted. For example, Darwin recorded that after irritating the central 
glands of a leaf with a camel-hair brush several of the outer tentacles 
exhibited curvature in 70 minutes, while within 5 hours all the sub- 
marginal tentacles were curved. It may be noted that all had straightened 
after 22 hours. In another example of similar stimulation the response 
was more rapid, some tentacles showing curvature in 20 minutes, while 
all the sub-marginal and some of the extreme marginal tentacles were 
curved within 4 hours; the margin of the leaf had also curved over in this 
time. Recovery of the original position occurred within 17 hours from 
stimulation. In a number of experiments in which stimulation was 
effected by placing various objects on the leaf, the time for maximum 
curvature varied from 1 to 24 hours, and the time for recovery from 1 to 
10 days. The nature and size of the object affect these times, but this 
influence may be due not only to differences in the magnitude of the 
stimulus, but also to the fact that some objects may provide a chemical 
stimulus in addition to the one of contact. Such is probably the case in 
the natural stimulation of the tentacles by insects. Indeed, as we have 
already seen, there is complete recovery from simple contact stimula- 
tion with non-digcstible materials within a day, but after stimulation 
with the body of an insect the tentacles may remain curved for a week or 
more, a result attributed to the continued chemical stimulation as the 
proteins of the insect body are digested. 
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The leaves of Pinguicula also respond to the stimulus of contact 
as well as to that of certain chemical substances. Thus when small pieces 
of glass are placed on the margins of the leaves the curving over of the 
margins is induced, recovery subsequently taking place. 

The leaves of Dionaea also respond by movement when stimulated 
by contact, but the more general view at present is that this is a case 
of seismonic irritability rather than of haptonasty. The question is there- 
fore considered in the next section of this chapter. 

SEISMONASTY 

By seismonasty, or seismonic irritability, is meant the phenomenon 
met with in a number of plants in which response is made to what are 
often termed mechanical ‘shocks’, such as blows, shaking or pressure. 
It is immaterial by what agency the mechanical disturbance is produced, 
whether by contact with a solid body or by pressure of liquid or gas, and 
in this respect, %s already pointed out, seismonic irritability is differen- 
tiated from contact irritability in which the stimulus is contact with a 
solid body only. Whether there is any fundamental difference between 
the two cases is perhaps doubtful, but as pointed out by Pfeffer, to dis- 
tinguish between them would still be justified even if it should transpire 
that they are closely related, since our classification of tropisms and 
nasties is based on the kind of exciting agency or stimulus. 

Generally speaking, the same response as that made to seismonic 
stimulation is also made to stimulation by electrical means, as for ex- 
ample, when an electric current is passed through the organ. The usual 
method employed for stimulating in this way is to subject the plant to 
an electric shock by means of an induction coil; that is, a high voltage 
alternating current is passed through the organ. The stimulation phe- 
nomena involved can be included under the term electronasty , and since 
the response is generally similar to that induced by mechanical shock 
it is convenient to consider cases of elcctronasty along with those of 
seismonasty. 

The most familiar examples of ‘shock’ stimulation are provided by a 
number of plants possessing mobile pulvini. The best known, and most 
spectacular of these plants, are the sensitive plants Mimosa pudica and 
M. spegazzinii. There are, however, a number of other species, particu- 
larly in the Lcguminosae and Oxalidaceae, which also show a definite 
response to shock stimulation, although not so noticeable a one as that 
given by Mimosa pudica . Among such are Desmanthus plenus , a species 
nearly related to Mimosa , and Biophytum sensitivum , a member of the 
Oxalidaceae. Other plants giving a definite response by variation move- 
ments of the pulvini are Oxalis acetosella , Robinia pseudacacia and Acacia 
lophantha . 

The leaves of two species of Droseraceae, Dionaea muscipula and 
Aldrovanda vesciculosa , respond to seismonic stimulation by movement, 
but the mechanism of response is different from that of Mimosa pudica 
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and other species with motile pulvini as the movement is brought about 
by differential rates of growth on the two sides of the leaf. 

Seismonic irritability is also met with in the stamens of a number of 
species. Notable among these are members of the sub-family Cynareae 
of the Compositae, especially Cynara scolymus , Centaurea americana and 
Centaurea jacea. Similarly, irritable stamens are also found in Berberi- 
daceae, Tiliaeeae, Cistaceac and Cactaceae. The movements of these 
stamens in response to mechanical stimulation appear to be brought 
about, as in leaves with motile pulvini, by changes in turgor of certain cells. 

Stigmas sensitive to the stimulus of shock are known to occur in 
several families, including Scrophulariaceae and Bignoniaceae. The best- 
known are provided by species of Mimulus and Bignonia . In two species 
of a genus of Compositae, A r ctot is, namely A. aspera and A. calendulacea , 
according to von Minden the style is sensitive to the shock stimulus, 
while seismonasty is exhibited by the labellum of the orchid Masdevallia 
muscosa. 

A considerable number of investigations have been made on the 
seismonic irritability of Mimosa pudica . When a leaf of this plant is 
stimulated by a blow or by shaking, or electrically, the leaf and its parts 
take up new positions which give the organ an altogether different 
appearance. The leaf of Mimosa pudica is a compound one comprising 
usually a main petiole bearing near the tip two pairs of segments each of 
which is composed of a secondary petiole bearing a number of pinnately 
arranged pairs of leaflets (cf. Fig. Gl). On stimulation the main petiole 
falls, the secondary petioles close together somewhat so that the leaf is 
less spreading, while the leaflets, which were expanded in one plane fold 
towards one another in pairs, so that the upper surfaces of each pair are 
practically in contact. There are thus three movements involved depend- 
ing on changes in the leaf pulvinus, the pulvini of the sub-petioles and 
the leaflet bases respectively. The extent of the movement depends on 
the strength of the stimulus. With a slight stimulus applied to the main 
pulvinus the response may be complete with the falling of the main 
petiole, while with a greater stimulus the movement of the sub-petioles 
is involved and the leaflets close up progressively from the base towards 
the tip. A slight stimulus applied to the tip of one of the leaflets may bring 
about no more than the closure of one or a few pairs of leaflets. With 
stronger stimulation the excitation proceeds farther until the sub-pulvini 
and main pulvinus of the leaf are involved. With still stronger stimulation 
the excitation extends still further and travels up and down the main 
stem from the base of the leaf first affected and successive leaves in both 
directions respond, the main petiole first moving, then the sub-petioles 
and the leaflets in successive pairs, first those at the base, then the next 
pair and so on towards the tip. In this way every leaf of the plant may 
eventually respond to the original stimulus and adopt the drooping 
position. The comparatively rapid conduction of the stimulus through 
the whole of the aerial part of the plant is one of the most striking 
features of the seismonic irritability of Mimosa pudica. 

39 
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After stimulation there is a slow recovery to the normal unstimulated 
condition. During the recovery movement the plant is insensitive to 
shock stimulation, but after recovery is complete the maximum sensi- 
tivity is slowly regained. Thus immediately after recovery the response 
to a stimulus of a particular value is less than at some time later when 
the sensitivity has been fully restored. With continued stimulation, as, 
for example, by shaking, the plant may regain its original position. 
Exact measurement of the intensity or quantity of a shock stimulus is 
not, generally speaking, possible, and so quantitative data regarding the 
relation between stimulus and response are for the most part lacking in 
the case of stimulation of Mimosa pudica by shock. It is nevertheless 
clear that external conditions play an important part in determining the 
sensitivity of the plant. Thus after maintenance for a time at a tempera- 
ture of 10° C. or lower the power of response may be lost for a consider- 
able period or even permanently, while at temperatures below 15° there 
is generally no response to mechanical stimulation or only a partial one. 
At temperatures from 25° to 30° the leaves respond most readily, while 
at temperatures above 40° there is again an absence of response. 

Although purely mechanical shock by means of blows is difficult to 
regulate, the quantity of electrical stimulation can be varied at will by 
the use of an induction coil. This method has been employed by Bose to 
investigate the effects of external conditions on the response of Mimosa 
pudica to electrical stimulation. The intensity of stimulation could be 
varied by altering the relative positions of primary and secondary coils 
while the duration of the stimulus in Bose’s experiments was controlled 
by means of a clockwork device. The amount of the response was deter- 
mined by automatically recording the movement of the primary petiole. 
According to Bose’s records, a diminution of light intensity results in a 
lessening of the response to the same quantity of electric stimulation, but 
with continued darkness the response rises and then falls again, remain- 
ing at a lower value so long as darkness continues. With return to light 
there is a momentary slight depression in the amount of response, but 
almost immediately the response increases. 

As regards the effect of temperature Bose found the greatest response 
at 32° C. Thus in a given specimen the measured amplitude of move- 
ment at this temperature was 52 mm., at 27° it was 22 mm., while at 
22° C. it was only 2-5 mm. There was practically no response below 19° C. 
but Bose obtained some response at a temperature as high as 42° C. 

According to Bose’s observations, various gases, including carbon 
dioxide, hydrogen sulphide, nitrogen peroxide, ammonia and the 
vapours of ether and chloroform, all bring about a diminution in the 
response of Mimosa to electrical stimulation. In small concentrations, 
however, acting for a short time, the response may be increased in some 
cases. This was observed with carbon dioxide and chloroform vapour. 
An increase in sensitivity was also observed in the presence of ozone. 

The latent time for the seismonastic response in Mimosa is usually 
very short, under favourable conditions being less than a second, while 
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the reaction may be complete in 5 or 6 seconds. Under electrical stimu- 
lation Bose found in a highly sensitive specimen a latent time of only 
0*075 second, while in less vigorous specimens the time was still only 
0*12 second. The reaction was complete, that is, the maximum fall of 
the petiole occurred, in about 1-5 seconds, after which recovery com- 
menced. Recovery was found to be fully accomplished in from 8 to 20 
minutes, the time depending on external conditions and on the strength 
of the stimulus, recovery being slower after stronger stimulation. 

Bose also showed that a succession of sub-threshold electrical stimu- 
lations can bring about response in Mimosa pudica , their effect in this, 
as in other cases of irritability, being additive if the period between 
successive stimulations is not too long. 

Considerable light has been thrown in comparatively recent years on 
the mechanism of the conduction of excitation in Mimosa pudica and 
M. spegazzinii . As long ago as 182 1 Dutrochet showed that the excitation 
in Mimosa pudica was still conducted through a ‘ringed’ stem in which 
all tissues outside the xylem had been removed. As shown by McDougal 
in 1896, the excitation can also be conducted through a region of the 
stem in which the living cells have been killed by hot water. Further, in 
1916 Ricca showed that if a branch of M . spegazzinii is cut completely 
across and the two parts of the branch are then re-connected by a tube 
of hot water, conduction of excitation will take place through the latter. 
The conclusion is therefore drawn that the excitation must be conducted 
through the water in the xylem. 

That the conduction of excitation is not brought about simply by a 
change in hydrostatic pressure of the water in the xylem is evident from 
the slow rate at which the conduction takes place under unfavourable 
conditions, and direct measurements of the pressure in a tube of water 
intercalated between the lower and upper parts of a shoot and conducting 
the excitation, show that variations in the resistance of water play no 
part in the transference of the excitation. 

Now Mimosa can be stimulated by burning the tip of a leaflet. Ricca 
stimulated Mimosa plants in this way and then cut a number of pieces 
from the stem and allowed the contents to diffuse into a small quantity 
of water. Cut branches of a plant of Mimosa were then allowed to absorb 
this liquid with the result that the characteristic response to stimulation 
resulted. The conclusion drawn by Ricca was, therefore, that the excita- 
tion is conveyed by a substance produced in the protoplasm as a result 
of stimulation, and that this substance diffuses into the xylem, through 
which it is carried in the water, and on reaching a pulvinus there acts 
as a stimulus and induces the typical response. Ricca’s theory of the 
conduction of excitation in Mimosa pudica and M. spegazzinii , like the 
current theories of conduction of excitation in geotropic and phototropic 
stimulation, is thus a hormone theory. 

Some eight years later the question was further examined by Snow, 
who repeated and confirmed with Mimosa pudica Ricca’s observation on 
the conduction of excitation through a shoot which had been cut across 
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and then joined with an intercalated tube of water. The rate of conduc- 
tion of the excitation in cut shoots was found to be approximately the 
same as the rate of movement of the transpiration stream as indicated 
by the movement of solutions of eosin and methylene blue. Thus Snow 
found that the average rates of conduction of the excitation to the 
second, third and fourth leaf from the base were respectively 10-7, 10*1 
and 7-9 cm. a minute, while the rates of movement of the transpiration 
stream varied from 7 to 18*5 cm. a minute. Further, in damp weather, 
when the transpiration stream would be expected to be slow, conduction 
of excitation upwards was slower than usual, while conduction down- 
wards did not take place at all. It may be noted, however, that when an 
intact plant is stimulated the excitation travels much more readily up- 
wards than downwards. While this behaviour may be regarded as afford- 
ing further support for the view that the excitation is conducted in the 
transpiration stream, the fact that there is any downward conduction of 
excitation at all may be accounted a difficulty. Snow himself considered 
that further investigation was necessary to explain this conduction of 
excitation in a basipetal direction. 

In the leaves of both Mimosa jmdica and M. spegazzinii, however, 
Snow has shown that the conduction both in the acropetal and basipetal 
directions, does not depend on the movement of the transpiration stream. 
Thus rapid conduction was observed in leaves of Mimosa pudica that had 
been kept for some hours in air saturated with water vapour. Also, in 
very damp weather, leaves conducted just as well as in dry weather, thus 
exhibiting a marked difference in behaviour from the stem. Conduction 
was also observed in the leaves of a shoot that was stimulated under 
water and which had been kept in this environment for the previous 
3 hours. In leaves of Mimosa spegazzinii stimulated by a cut, Snow found 
more rapid conduction of the excitation in both acropetal and basipetal 
directions the damper the conditions, the conduction being much more 
rapid in leaves of a submerged shoot, less rapid in leaves in damp air and 
least rapid in leaves in dry air. 

In the leaf the excitation is conducted at least as rapidly in a basipetal 
as in an acropetal direction. In detached leaves of Mimosa pudica stimu- 
lated near the tip Snow found that frequently the main pulvinus fell 
after an interval of 2 seconds, and he justly points out that it cannot be 
supposed that a water current could pass from the tip of a pinna to the 
main pulvinus of the leaf in so short a time. As this observation would 
also suggest, conduction in the leaf can be much more rapid than in the 
stem. 

For these and other reasons Snow came to the conclusion that there 
are two types of conduction of excitation in Mimosa , the ‘normal’ con- 
duction in the xylem of the stem and a ‘high-speed’ conduction in the 
leaf which has nothing to do with the transpiration current. Snow con- 
firmed an observation made by Herbert in 1922 to the effect that if 
petioles of Mimosa pudica are cut through in various ways the excitation 
can be conducted across the cut so long as some of the phloem is left 
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intact even if all the xylem is cut through, whereas if the phloem is all 
cut through and some of the xylem left the conduction characteristic of 
the leaf no longer takes place. When, however, the more rapid conduction 
in the phloem is eliminated it is possible to demonstrate the existence in 
the leaf of a slower type of conduction in an acropetal direction depending 
on the movement of the transpiration stream. 

Snow found that in and near the main pulvinus of the leaf methylene 
blue can pass very rapidly from xylem to phloem. This suggests the 
possibility that the connexion between the conduction of the excitation 
in stem and in leaf may be brought about by the passage of the stimulat- 
ing hormone from the xylem to the phloem in the main pulvinus, but 
how the conduction takes place in the phloem is not explained. It may, 
however, be noted that the exudate from the phloem of a cut stem or 
petiole when applied to the cut distal end of another petiole sets up 
excitation in the latter. 

A phenomenon called by Snow multiple conduction has been observed 
in Mimosa spegazzinii. When stimulated by a cut in the petiole the 
excitation appears to be conducted in successive waves. When the first 
wave of excitation reaches them, the leaflets do not close together com- 
pletely. After a few seconds a second wave appears to reach them and 
the leaflets rise higher and sometimes several such waves may travel up 
the pinnae before the pairs of leaflets quite close together. 

Other investigators, namely Seidel in 1923 and Ball in 1927, have 
come to the same conclusion as Snow that there are two methods of 
conduction of excitation in Mimosa. Umrath also found different rates of 
conduction in each of the aerial organs, and spoke, for example, of a 
‘slow’ and a ‘rapid’ conduction in the leaf. Both Seidel and Ball, like 
Snow, agreed with lticca that normal transmission in the stem is effected 
by means of a hormone. With regard to the second method of conduction, 
Seidel supposed this to be brought about by changes of pressure occur- 
ring in certain cells of the phloem, known as ‘tube cells’ or ‘tannin tubes’, 
a view of conduction of excitation in Mimosa originally hypothesized by 
Haberlandt. Snow, however, does not favour this view, for which there 
is no experimental evidence, and he thinks the ‘high-speed’ conduction of 
excitation is by way of cambiform cells which occur not only in the 
phloem but also at the inner side of the xylem in the petiole and between 
the vessels in the leaflets. 

Ball found that submersion of shoots of Mimosa pudica under water 
led to a very rapid conduction of excitation, the velocity of conduction 
being on the average about 2 to 2-5 cm. per second at about 30° C. 
Removal of all tissues external to the wood over lengths of 1 cm. to 
6 cm. had practically no effect on the rate of conduction of excitation, 
so the phloem cannot be concerned in it, but on the other hand, it only 
occurs if the pith is wholly or partially present. Further characteristics 
of this high-speed conduction in submerged stems are that only the 
primary pulvini are affected, the excitation not being conducted through 
the leaves, while the rate of conduction is not related to the rate of water 
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movement in the xylem. Ball suggests that in rapid conduction the 
hormone produced at the place of stimulation causes contraction of 
neighbouring cells, probably those in the pith, which in turn produce 
more hormone as a result, so that a ‘perfect relay mechanism’ is present 
by means of which the excitation can be conducted in either direction 
independently of any water movement. Ball further suggests that the 
‘high-speed’ conduction observed by Snow is of similar character to that 
observed by him in submerged shoots, being due, in the leaves examined 
by Snow, to the contraction of highly turgid cells in the phloem. Ball’s 
conclusion with regard to the conduction of excitation in Mimosa is thus 
that there are two modes of conduction, that in the xylem, generally 
called ‘normal’ conduction, which takes place by means of a hormone 
carried in the transpiration stream, and ‘rapid’ conduction, which is 
independent of the movement of water and which is effected by the 
hormone inducing changes in turgidity in living cells, either of the pith, 
as in submerged stems, or in the phloem, as in the high-speed conduction 
in the leaf investigated by Snow. The normal conduction operates best 
under drier conditions, when turgor in living cells is low and the move- 
ment of water in the tracheae likely to be most rapid, whereas rapid 
conduction is most effective under damp conditions where turgidity of 
the cells is greatest and the movement of water in the xylem slow, 
conditions which reach their greatest development in submerged 
shoots. 

Later work on the conduction of excitation in Mimosa pudica is 
that of Houwink. To follow the conduction of excitation this worker 
made use of the discovery of Bose, that when an electrode is inserted into 
the stem or a petiole of a Mimosa plant the potential of the electrode 
changes with respect to that of the earth when the excitation reaches the 
tissue at the electrode. By inserting electrodes at a certain distance apart 
and connecting them with recording apparatus it was possible to obtain 
information with regard to the rate of conduction of the excitation under 
different conditions. 

Houwink concluded from his researches that there are three mechan- 
isms of conduction of the excitation in Mimosa , but whether one or 
other of these, or more than one, operates depends on the kind of stimu- 
lus. When stimulated by a local lowering of temperature, effected by the 
application of a drop of water at 0° C., an excitation results which cannot 
pass through a killed region of the plant nor through a zone cooled to 
5° C. It is therefore concluded that this type of conduction is through 
living cells. It depends on the condition of the cells and is most rapid in a 
young shoot in damp air. The excitation can be propagated in this way 
through stems, petioles, pinnae and pulvini, but is stopped at the base 
of the pinnae. This type of conduction is regarded as identical with 
Ball’s ‘rapid’ conduction in the stem and with Umrath’s ‘slow’ conduction 
in the leaf. 

The second type of conduction is met with when stimulation is effected 
by wounding. The excitation can be conducted through a killed zone, and 



NASTIC PHENOMENA 605 

it seems clear that the mechanism of conduction in this case is that 
demonstrated by Ricca as due to a hormone. 

A third kind of conduction was observed by Houwink when stimula- 
tion was effected by cutting a pinna. The excitation thus set up can be 
conducted by the two methods already mentioned, but also by a third 
method which only affects the main pulvinus. This third type of con- 
duction was observed to continue through a cooled zone, but not through 
a killed region of the petiole. It occurs in young leaves, particularly when 
in damp air, and is regarded by Ilouwink as identical with Snow’s ‘high- 
speed’ conduction and Umrath’s ‘fast’ conduction. Houwink appears 
to incline to the view that this type of conduction is due to the trans- 
mission of a pressure change in the phloem, as supposed by Haber- 
landt. 

Attempts have been made to isolate the hormone responsible for 
transmitting excitation in Mimosa. According to Soltys and Umrath a 
substance exhibiting the properties of the hormone occurs in Mimosa 
leaves, and this substance they have obtained in a relatively pure ex- 
tract. They conclude that it is an oxy-acid with a molecular weight of 
about 500. 

It has already been mentioned that the movements of the leaves and 
leaflet of Mimosa are brought about by changes in turgor of the cells 
of the pulvini, which result in a change in the shape of the pulvinus. The 
turgor change is principally associated with a loss of water from the 
cells of the lower half of the pulvinus, the water passing partly into 
cells of the neighbouring stem and petiole but chiefly perhaps into the 
intercellular spaces of the pulvinus, which exhibits a darker colour as 
the result of the displacement, of the air in the intercellular spaces by 
water. How these turgor changes are brought about is not understood. 
The two possible explanations are that the osmotic pressure of the cell- 
sap is suddenly reduced by internal chemical changes, an effect which 
would result in the immediate passage of water out from the cells owing 
to the disturbance of osmotic equilibrium between the cells concerned 
and neighbouring unaffected cells, or that the permeability of the cells 
affected is suddenly increased as a result of stimulation, so that both 
osmotically active substances and water pass out through the cell mem- 
branes. The question was investigated by Blackman and Paine, who 
showed in 1918 that when an excised pulvinus of Mimosa pudica is 
placed in a small quantity of water and stimulated there is, indeed, an 
increase in the rate of exosmosis of electrolytes from the pulvinus, but 
the amount of the increase is quite insufficient to account for the loss in 
turgor of the cells. It would thus appear that when the pulvinus is stimu- 
lated, the hormone which is produced or conducted to it, according as 
stimulation is direct or indirect, induces the sudden disappearance of a 
considerable proportion of the osmotically active contents of the cells, 
presumably either by some chemical change or by adsorption. Whatever 
the mechanism of this inactivation of osmotically active substances may 
be, the change is a reversible one, for as the effects of excitation die out 
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the substances concerned must be re-formed and water re-absorbed by 
the cells involved as the osmotic pressure rises. 

Other Sensitive plants in Leguminosae and Oxalidaceae . As already 
mentioned, sensitiveness to the stimulus of shock comparable to that 
exhibited by Mimosa is found in other members of the Leguminosae and 
in a number of species of Oxalidaceae. In many species the sensitivity is 
low, as in Oxalis acetosella and other species of Oxalis , in which complete 
falling of the leaflets only results after repeated shaking of the plant, 
while in other species, as, for example, in Robinia pseudacada 9 even this 
treatment only results in a slight movement of the leaflets. However, in 
Desmanthus plenus and Neptunia oleracea, among Leguminosae, and in 
species of Biophytum ( B . sensitivum , B. reinwardtii and B . apodiscias), 
among the Oxalidaceae, a degree of sensitivity approaching that of 
Mimosa is developed, at any rate in plants growing in the tropics. 

In Biophytum sensitivum and B. reimvardtii only the leaflets move 
in response to a shock or wound stimulation, but in B. apodiscias the 
petiole moves as well. The movements take place in the reverse direction 
to those executed by Mimosa , for the leaflets fall while the petiole rises. 
The mechanism of the movement is, however, probably similar to that 
of Mimosa , depending on turgor changes in the main pulvinus and sub- 
pulvini. 

The rate of conduction of the excitation was measured by von Faber, 
who found velocities of 17 to 20 mm. per second in B. sensitivum and 
20 to 25 mm. per second in B. apodiscias . In the latter plant slower rates 
of conduction were found in the floral axis and in the roots, namely, 
5 to 7 mm. per second and 5 to 8 cm. per minute (0*8 to 1-3 mm. per 
second) respectively. Whether these different rates are related to dif- 
ferent types of conduction, as in Mimosa , has not been determined. 
That a hormone is involved, as in Mimosa , is indicated by the fact that, 
as shown by MacDougal for B . sensitivum , and by von Faber for all three 
species mentioned above, the excitation is conducted over a zone of 
killed tissue. But von Faber’s observation that the excitation travels at 
least twice as rapidly in the basipetal direction as in the basifugal direc- 
tion does not support the view that the hormone is carried in the trans- 
piration stream, and the necessity for further investigation is indicated. 

According to Umrath and Soltys the hormone in these sensitive 
Leguminosae is, like that of Mimosa , an oxy-acid of high molecular 
weight. 

Dionaea. The leaves of Dionaea respond by movement of the lobes 
not only to chemical stimulation, but also to the stimulus of contact. 
Darwin’s observations indicated that the irritability is here to be regarded 
as true haptonasty, but later work suggests that it is an example of 
seismonic irritability. Darwin found that drops of water or a thin broken 
stream of water falling on the leaves from above did not induce move- 
ment, nor did blowing strongly on the leaf produce any effect, and he 
concluded that, as in Drosera , the plant is stimulated neither by heavy 
rain nor by gales of wind, and he stated definitely that the sensitiveness 
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is ‘related to a momentary touch rather than to prolonged pressure; and 
the touch must not be from fluids, such as air or water, but from some 
solid object’; that, in fact, the irritability is haptonastic. On the other 
hand, Pfeffer thought it possible that seismonic and contact irritability 
might both be developed in the leaf of Dionaea. Macfarlane in 1902 
reported that a steady stream of water directed against the hairs on the 
upper surface of the leaf induced closure, while Brown and Sharp in 1910 
found that closure takes place if water is dropped on these hairs so as to 
bend them. Jost states that stimulation is effected by a water jet or by 
stroking with damp gelatin, as well as by contact with a solid object. 

The principal seat of perception of the mechanical stimulus, whether 
it is one of contact or shock, is found in the fine spines which occur, three 
on each lobe, on the upper surface of the leaf (sec p. 595). The sensitivity 
of the filaments increases towards the base. When these filaments are 
touched the two lobes of the leaf close together. Darwin found that there 
were two distinct types of movement of the leaves of Dionaea . When the 
filaments are touched lightly and quickly with a solid object, such as a 
piece of thread, the lobes close rapidly, the marginal spikes of the two 
lobes meet and interlock, and the lobes of the leaf bulge out so that the 
lower, and now outer, surface of each lobe is convex. Recovery of the 
original orientation of the lobes takes place slowly and may require 
several hours for completion. Stimulation in this way by contact with a 
solid object, such as a piece of wood, paper, stone or glass, docs not 
induce secretion by the glands of the leaf. 

The second type of movement is produced when stimulation is 
effected by an insect, a piece of meat or albumin. In this type of move- 
ment the low er surfaces of the leaf lobes may become concave, which has 
the effect of bringing the upper surfaces of the tw o lobes in close contact 
with the insect or other body. At the same time the glands arc stimulated 
to secrete their digestive fluid. The leaves may remain closed for many 
days, and in some observed by Darwin never reopened. Even when they 
reopen they arc incapable of response to similar stimulation for many 
days if ever. From what has been said in the previous section of this 
chapter, it w r ould appear likely that in this second type of movement we 
have to do with the combined effects of seismonastic and chemonastic 
action. 

The first type of movement, that induced by brief contact with a 
solid object, was the subject of investigations by Browm and Sharp and 
later by Brown alone, the results being published in 1910 and 1916 
respectively. 

It is difficult to determine the quantity of stimulation in the case of 
a contact stimulus. At temperatures of 2° C. and 15° C. Brown and Sharp 
found that usually two successive stimulations were necessary to bring 
about closure of the leaf, and it was of little importance whether the 
sensitive bristles were bent moderately or much. With very slight bend- 
ing, however, three to five applications of the stimulus might be necessary. 
At higher temperatures (35° C.) one application of the stimulus was 
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usually sufficient to induce closure of the leaf. At 15° C. the interval 
elapsing between successive stimulations was found to be important; 
leaves stimulated at intervals of 20 seconds responded after the second 
stimulus, those stimulated at intervals of 1 minute responded after the 
second to fifth stimulation, when the interval was increased to 2 minutes 
from five to seven stimulations were necessary, and with an interval of 
3 minutes between successive stimuli six to nine of these latter were 
necessary to induce closure of the leaves. With fewer stimulations than 
those necessary to bring about complete closure a partial closure of the 
leaves might result. 

The experiments of Brown and Sharp in which leaves of Dionaea were 
stimulated by an electric current produced by means of an induction 
coil, without providing exact quantitative data, suggested that the 
response is determined by the quantity of stimulus rather than by either 
intensity or duration of stimulation solely, for these workers found that 
when a succession of such stimuli was applied, the number necessary to 
induce response varied inversely as the intensity of a single stimulus. 

The latent time of the response of Dionaea leaves may be very short. 
Burdon-Sandcrson obtained a latent time of about 1 second at 20° C., 
complete closure of the leaflets taking place within 5 or 6 seconds. Brown 
later showed that as the time between successive mechanical stimula- 
tions increased so did the latent time. Thus when the interval between 
two stimulations was 20 seconds rapid closure took place immediately 
after the second stimulation. When the interval between successive 
stimuli was 4 minutes the average time between the first stimulus and 
the beginning of movement was found to be 22 minutes, while closure 
itself, instead of being almost instantaneous, took 7-33 minutes. With 
20 minutes elapsing between each stimulation the average time between 
the first stimulus and the beginning of movement was as much as 268 
minutes, while the time occupied in the closing of the leaf was 94 minutes. 

As regards the seat of perception of the mechanical stimulus, it has 
already been noted that this is chiefly in the bristle-like hairs borne on 
the upper surface of the leaf lobes. Scraping the surface of the lobes or 
squeezing the leaf with forceps will induce closure of the leaf, so it may 
be concluded that perception is actually not limited to the hairs. 

According to Brown and Sharp, stimulation results in cells of the 
leaf becoming compressed. According to Haberlandt, there is, near the 
base of each bristle, a layer of cells readily bent and therefore easily com- 
pressed by the bending of the bristle. Brown and Sharp found that 
closure results so long as the bristle is bent; and if release from the bent 
position is prevented the response continues. Response is always to the 
downward movement of the bristle and never to its upward movement. 
Further evidence that compression of the cells at the base of the bristle 
is essential for response is provided by the following observations. If a 
bristle is cut off near the base, and after a time the stump is bent by 
pressing it with a needle, a normal response is induced. Also if the bristle 
is bent by directing a jet of air against it, or by dropping water on it, 
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the leaves respond. The response to mechanical stimulation is thus due to 
compression of cells, and the cells concerned are not limited to the region 
at the base of the bristles, but, as mentioned above, all cells of the leaf, 
or at least cells in all parts of the leaf, are sensitive in this way. 

Stimulation of the leaf brings about a considerable increase in the 
rate of growth of the under side of the leaf lobes. The first stage in the 
promotion of growth of these cells appears to be a decrease in the osmotic 
pressure of the cells on the upper side of the leaf, and this, owing to the 
resultant disturbance of equilibrium, leads to the passage of water from 
the cells affected to those of the lower side. The concomitant stretching 
of the walls then becomes fixed. The subsequent recovery of the leaf 
when it reopens is brought about by the slow enlargement by growth of 
the cells of the morphologically upper side of the leaf lobes. 

The movement of Dionaea leaves is thus due to unequal growth 
on the two sides of an organ, as in many other nastic, as well as tropic, 
curvatures. Whether the conduction of the excitation from the seat of 
perception to the place of accelerated growth on the lower side of the 
leaf lobes is brought about by means of a growth-promoting hormone is 
not known, but must be considered, having regard to the known facts, 
as quite likely. Even in 1U1G, before the discovery of the part played by 
hormones in the conduction of geotropic excitation, Brown was im- 
pressed with the similarity of the mechanism of movement in leaves of 
Dionaea to that of gcotropic curvature. It is to be observed that the 
mechanism of the seismonastic response in Dionaea is thus definitely 
different from that in Mimosa . 

*The peculiar freely swimming aquatic plant Aldrovanda vesiculosa , 
a species of the Droseraceae nearly allied to Dionaea , appears to exhibit 
the same mechanism of response to seismonic stimulation as does the 
latter plant. 

Sensitive Stamens . The best-known cases of stamens which respond 
to mechanical stimulation are those of the Cynareae, including species of 
. Cynara, Centaurea and some related Compositae. The irritability of these 
stamens was investigated in particular by Pfeffer. The stamens in these 
plants are, of course, syngenesious, and when one filament is touched a 
contraction of all the filaments occurs, bringing about a decrease in their 
length which may amount to 10 to 30 per cent, in Centaurea jacea and 
8 to 20 per cent, in Cynara scolymus. There is no change in the area of the 
cross-section of the filaments, but all parts of the filaments are equally 
concerned in the shortening except the ends, where the percentage 
shortening is less than elsewhere. 

As in the Mimosa pulvinus, the movement of these stamens is brought 
about by a fall in turgor of the living cells, water passing out into the 
intercellular spaces and displacing the air therein which escapes. If cut 
filaments are first injected with water and then stimulated there results 
an escape of water from the cut end of the filament. The non-living 
xylem elements, owing to the elasticity of their walls, contract along 
with the living cells attached to them. 
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According to Linsbauer, the latent time of response in stimulated 
stamens of Centaurea americana can be less than 1 second, while the con- 
traction of the filaments can be completed in 7 to 18 seconds. Recovery 
of the original length may take from 50 to 60 seconds. 

An isolated stamen responds to stimulation in the same way as one 
attached to others in the flower, and it is held that there is not here a 
conduction of excitation from one stamen to another, but that the con- 
traction of one stamen exerts a pull on neighbouring ones, which acts as 
a stimulus. 

The stamens of Berberis respond to mechanical stimulation by execut- 
ing a sudden curvature, which results in the anther, instead of being 
directed outwards, curving inwards and coming in contact with the 
stigma. Here also, under certain conditions, water may be observed to 
escape from the stamens on stimulation, and hence it was concluded by 
Pfeffer that here, as in the C-ynarcae, the movement is brought about by 
turgor changes in the living cells. In other cases of seismonastic irrita- 
bility of stamens the evidence is at present lacking to decide whether the 
movements are due to growth or to turgor changes. 

These staminal movements arc, of course, related to pollination and 
form part of a pollination mechanism. Thus the shortening of the fila- 
ments in Cynara or Centaurea causes the style and stigma to push out 
pollen, while the sudden inward curvature of the stamens in Berberis may 
result in jerking pollen from the anther on to an insect which by its touch 
may have stimulated the stamen to movement. But a biological signifi- 
cance cannot be found for all cases of seismonic irritability, and in parti- 
cular it is not evident what significance, if any, the response of Mintosa 
and Biophytum can have in the life of the plant. 
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„ „ alkalies 92 

„ „ carbon dioxide 201-8 

„ „ dyes 68, 78-80, 95-8, 

101- 2, 104 

„ „ electrolytes 71-89 

„ „ „ , course of 

80-9 

„ „ mineral nutrients 328-30 

„ „ non-electrolytes 89-91, 

102- 4 

„ „ salts 71-89 

„ „ solutes 67-104 

„ „ toxic substances 91-4 

„ „ water 20, 29-48, 50-1, 

252-7, 268, 286-7, 329- 
30, 846, 350-2, 366-9 
„ ratio 77-80 

„ spectra 211-14 
Abutilon asiaticum 231 
Acacia 247,868 

„ lophantha 590, 598 
Acalypha sp. 440 
Acanthaceae 881 

acceptor of hydrogen 184, 142, 182, 238 
acclimatization 461 
accommodation 402 
‘accumulation 9 of salt 75-80, 84, 87-9 
Acer campestris 265, 272, 445 


acetaldehyde 131-2, 141-2, 145, 188-6, 
188 

„ mutase 132 
acetamide 91, 102, 355 
acetic acid 59-60, 92-3, 106, 127, 
132-4, 141-2, 147, 183, 570-1 
acetone 37, 111, 572 
acetylene 434, 446, 450, 526, 556 
acid content 544-5 
„ plants 306-7 

acids, chemonastic movement induced 
by 593 

,, , chemotropic movement induced 
by 570-1 

„ , effect of, on seed germination 
374-6, 378, 382 

„ , influence of, on absorption of 
water 47 

„ , penetration of, into cells 68, 
92-3, 100 

„ , penetration of, through collodion 
membranes 59-61 
„ in fruit 481-3 
aconitine 309 
Aconitum napellus 309 
Actinomyces 344 
activity, renewal of 443-9 
Adair, G. S. 56 
Adams, J. 457 
adenine 129, 191, 308 
adenosine diphosphate 130-1, 179, 
182-3, 191 

„ triphosphate 129-31, 179, 
182-8, 191, 239 
adenyl phosphate 185 
adenylic acid 131, 188, 185, 191 
adhesion 263^1 
Adoxa moschatellina 432, 532 
Adriance, G. W. 480 
adsorption 88, 57, 84-6, 111-12, 147, 
210, 316, 594, 605 
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negundo 229 

platanoides 258,401,407,446 
pseudoplaianus 229, 258, 272, 


„ compounds 212 

„ potential 86 

aeration 255-6 


445-6 

saccharinum 258 


„ of soil 178,829 
aerobes 418-14 
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aerobic dehydrogenases (aerodehydro- 
genases) 134-5 
„ respiration 186-91 
aerotropism 572 
Aesculus hippocastanum 447 
„ pavia 476 
Aethalium septicum 14 
after-ripening 872, 382, 442 
Agapanthti8 umbellatus 470 
Agaricus 128 

„ campestris 188-9 
Agave americana 452 
age, change of respiration with 155-6, 
162-3 

„ , „ „ wax content with 250 

„ , relation of growth to 425-8 
Aggregation’ in Drosera tentacles 594-5 
Agrostemma githago 576, 578, 581-3 
Air a flexuosa 877 
aitiogenic movement 501 
„ periodicity 442 
ajacine 309 
ajaconine 809 
Ajuga replans 325 
Akamine, E. K. 881 
alanine 297, 800, 302, 805 
alanylalanine 297 

AUnzzia lophantha ( Acacia lophantha) 
538, 590, 598 
„ moluccana 369 
albumin 14, 80, 54, 96-7, 598, 595, 
607 

albuminoses 296-7 
albumoses 115, 127, 292 
Alchemilla 468 

alcohol 114, 130, 132, 185-6, see also 
ethyl alcohol 

„ dehydrogenase 130, 182, 142 
„ index 59 

alcoholic fermentation 105-6, 109, 
129-82, 171-2, 176, 178-86 
alcohols 110, 135, 148 
aldehydes 111, 114, 125, 131-4, 172, 
176, 179-88, 824-8, 481 
aldehydemutase 180, 182, 143, 183 
alder 888 
aldolase 180, 182 
Aldrovanda 852-8, 598, 598, 609 
Alisma 202, 876, 878, 880, 887 
alkalies, effect of, on seed germination 
878 

alkaloids 298, 807, 809-10, 890, 470, 
598 

Allard, H. A. 455-8, 460, 462 
Allionia incarnata 282 
Allison, F. R. 805 
Allison, R. V. 827 


Allium 838, 372, 546 
„ cepa 185, 531, 588 
„ porrum 279 
all or none law 493 
allyl thiocyanate 115, 122, 888 
almonds 106, 126, 249 
Alnus 857 

Alopecurus pratensis 877, 458, 457 
Altemaria tenuis 415 
alternation of generations 441 
aluminium 73, 79, 95-6, 100, 828-8 
„ chloride 95-6, 100 

„ nitrate 78, 79, 95 

„ sulphate 78 

Amarantaceae 872 
Amaranthus 465, 588 

„ palmeri 286 

„ retroftexus 880, 882 

Ameijden, U. P. van 525, 556 
amide plants 806 

amides 299-801, 808-4, 806-7, 887, 
344-5 

amination 301, 804, 840 
amines 293, 806-7 
amino-acetic acid 296-7 

„ -acids 14, 80, 115, 127-8, 188, 
292, 296-307, 816, 820, 837, 
344, 852, 391-2 
„ -ethyl alcohol 143, 307 
a-amino glutaric (glutamic) acid 297, 
800 

„ „ isocaproic acid 297 

„ ,, isovaleric acid 297 

„ „ propionic acid 297 

„ „ succinic acid 297, 307 

ammonia 60-1, 115, 128, 151, 292, 
298-801, 803-1, 306-8, 

887, 840, 572, 596, 600 
„ plants 807 
ammonium carbamate 128 

„ carbonate 570, 598, 596 

„ chloride 62, 72, 74, 78, 

96-8, 805 

* ions 96-8, 100, 526 

„ nitrate 805, 844, 569-70, 

593 

„ oxalate 570 

„ phosphate 72,471,598 

„ salts 72, 281, 292-8, 298- 

800, 804, 845, 569-70, 
598 

„ sulphate 78-4, 122, 570 

„ tartrate 805 

Amoeba 12, 20 
„ dubia 12 

amoeboid movement 10, 498-500 
Amorpha 588 
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Ampelopais 577-8 

„ hederacea 201, 474 

„ veitchii 588 

Amphicarpaea 588 
amygdalase 115, 126 
amygdalin 106, 126 
amyl alcohol 03, 05 
amylases 113, 115-22, 145, 244, 345, 
571 

‘amyloid’ 470 
amylopectin 118-22, 245 
amylose 118-22, 245-6 
amylostatoliths 538 
anabolic processes 106, 304 
anabolism 106 

„ , oxidative 188-01 

anaerobes 151, 413-14 
anaerobic respiration 172, 178-86, 188 
anaphoresis 36 
Anemone hepatica 380 

„ nernorosa 574, 501 
,, stellata 574 
Anethum graveolens 458 
Aneura pinguis 539 
aneurin 130 
aniline 570 

„ blue 50, 79 

„ dyes 123 

anion respiration 89, 168, 335 
anions 339, 571 
anomalous osmosis 36 
antagonism 94-9, 330 
Antennaria alpina 468 
antherozoids 466, 498, 568-9 
anthocyanidin 24 
anthocyanin 24, 155, 159, 434 
Anthoxanthum oderatum 377, 457 
Anthriscus 525 
antipyrin 60, 01, 231 
anti-reaction 410-11 
Antirrhinum 24, 349 
ants 343, 356 
aphides 338 
Apium graveolens 272 
apoenzyme 141 
apogamy 468 
apozymase 110 

apple 166, 171, 174-5, 185, 188-0, 251, 
804, 331-2, 465-6, 460, 472, 
475, 478, 481-3 
„ seeds 382 

apposition, growth by 25, 416 
Aquilegia vulgaris 532 
araban 124 
arabinose 91, 124, 247 
Arbacia 21 
Arber, A. 514 
43 


Archbold, H. K. 482 
Arctotis aspera 509 

„ calendulacea 599 
arginine 207 

aril of yew, xanthophyll of 214 
Arisz, W. H. 549-51, 555 
Armstead, D. 258-0 
Armstrong, E. F. 107 
Arnold, W. 236-7 
Aronoff, S. 242 
arsenious acid 526 
artichoke 72, 340 
Artocarpus integrifolia 164 
Arum italicum 169 

,, maculatum 174, 272 
Aselepiadaceae 506 
Ascomycetes 343, 348 
ascorbic acid 139-40, 144, 187, 460 
,, ,, oxidase 136, 139-41, 144, 

186-8, 336 

ash (Fraxinus excelsior) 318, 383, 443 
,, (mineral constituents) 291, 317, 
322-6, 329, 338, 380-90, 470 
Ashby, E. 43, 440, 484 5 
asparaginase 301, 306 
asparagine 14, 300 1, 303-7, 316, 355, 
300, 302, 467, 569-70 
Asparagus 140, 305, 506 
,, officinalis 531 
„ plumosus 533 
aspartic acid 297, 300 3, 306, 357 
aspen 358 

Aspergillus 123, 127, 344-5 

„ fumigatus 344, 401 

„ glaucus 415 
„ niger 140, 150, 156, 161, 
178, 255, 327-8, 344, 418, 
569 

„ oryzac 116 

Asplenium bulbiferum 363-4, 521, 

527-8, 531 

Asprey, G. F. 97-8, 100 
assimilation of carbon 198-251 
,, „ nitrogen 291-310 

„ number 220 

„ products 231-3, 312 
assimilatory quotient 108-9, 232 
Aster linariifolius 455 
„ linosyris 557 
Asy stasia gangetica 381 
Atamosco 468 
Atkins, W. R. G. 258-9 
atmometer 282-3, 285 
Atriplex confertifolia 41, 255 
„ hortensis 287 

,, lati folium 223 

,, liastatum 223 
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Atropa belladonna 271, 809, 588, 557 
atropine 300 
Aubert, E. 158, 161, 282 
Auhagen, E. 131 
autogenic movements 501 
autolysis 112, 355 

autonomic movements 501-2, 504-10, 
590 

autotrophic plants 105-6, 201-2, 342, 
401, 406, 431 
autotropic reaction 547 
autotropism 503-4, 510, 513, 570 
autoxidation 136 
auxenolonic acid 418 
auxentriolic acid 418 
auxin 416, 418-22, 448, 450, 566-7, 
501, 505 

„ precursor (auxinogen) 421-2 
„ -protein complex 421-2 
Avena 253-4, 406-8, 411-12, 417-20, 
422-3, 430, 439, 457, 466, 514, 
516, 522-5, 530, 536, 543-4, 
547-56, 559-66, 572, 576-8, 
580-3 

„ curvature test 420, 422 
„ unit 419 
Averrhoa 509, 588 
Azalea 450 

„ mollis 445 
Azolla caroliniana 73 
„ pinnata 13, 22 
Azotobacter 301 

Baas-Becking, L. G. M. 212 
Bach, A. 183, 136 
Bach, H. 510-20, 527, 580-2 
Bach, S. J. 134, 142-3 
Bacillus anthracis 402 
„ carotovorus 125 
„ denitrificans 151 
„ ft uorescens 402 

„ hydrogenes 152 

„ mycoides 415 
„ pantotrophus 152 
„ radicicola 857 
Bacteria 8, 106, 115, 128, 120, 140, 
151-2, 161, 100, 105, 246, 
291-2, 338, 343-4, 348, 
854-7, 378, 400, 415, 428, 
480, 408, 560, 574 
„ , butyric 151 

„ , hydrogen 152 

„ , iron 152 

„ , lactic 151 

„ , nitrating 151, 202 

„ , nitrifying 151, 856 

„ , nitrogen fixing 301-2 


Bacteria, proteolytic 855 
„ , sulphur 151-2 

„ , thermophilic 128 

„ , thiosulphate 152 

Bacterium pasteurianum 480 
Bacirydium butyricum 414 
Baeyer, A. 235 
Bailey, I. W. 25 
Baker, D. 186 
Baker, H. 259 
balanced solutions 330 
Baldwin, E. 148 
Ball, N. G. 603-4 
Balls, A. K. 128 
Balsamineae 587 
Bambusa 400 
banana 474, 483-4 
Banga, I. 140 
Barendrecht, H. P. 146 
barium chloride 62, 73, 95, 472 
„ ions 526 
„ nitrate 62 
bark 309, 314, 316-17 
Barker, J. 167 
Barker, J. W. 35, 40 
barley 45, 50, 106, 115-16, 123, 127-8, 
144, 156-7, 170, 184-7, 278, 204, 801, 
308, 327-8, 330, 332, 367-8, 870, 384, 
405, 417, 453, 514, 549 
Barlund, H. 21, 89-01, 102-3 
Bartholomew, R. P. 332 
Bartsia 351 
Bary, A. de 348 
bases, plant 307-10 
„ , purine 298, 807-8 
„ , pyrimidine 307 
Basidiobolus ranarum 01 
Basidiomycetes 343, 348, 512 
bath, acid 445, 447 
„ , alcohol 445 
„ , alkali 447 

„ , warm water 444-5, 447-0 
Bayliss, J. S. 575 

Bayliss, W. M. 17, 107-8, 110-11, 
146-8 

Beal, W. J. 885 
bean, broad see Vida faba 
„ , dwarf see Phaseolus vulgaris 
„ , jack 128 

„ , runner see Phaseolus multiflorus 
„ , soya 128,808,385,880,458 
Becquerel, P. 884 

beech 808, 858-0, 888, 443, 445, 447-8 
bees 468, 470 

beet 24, 85, 40, 51, 68, 72, 76, 81-8, 86, 
05, 182, 168, 178, 180-00, 225, 801, 
307, 810, 881, 885, 458 
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Beggiatoa 151 

„ mirabilis 102 
Begonia 306-7, 413, 450 
„ discolor 560 
„ rex 35 

„ 8emperfloren8 306, 470 
Beilis perennis 414, 417, 589-90 
Benda, C. 9 
Benecke, W. 94 

Bennet-Clark, T. A. 35-8, 40-1, 83, 
158-9, 168, 190-1 
benzaldehyde 126 
Berberidaceae 599 
Berberis 596, 610 
Bergren, W. R. 419 
Berthelot, M. 123 
Bertrand, G. Ill, 138, 326, 335 
Berzelius, J. J. 106, 213 
Beta 308 

„ vulgaris 278, 319, 431, 530-1 
betaines 293, 307 
Betula alba 444-5 

„ lutca 266 

„ nana 407 

„ verrucosa 407 

Bexon, D. 36-7, 40, 83, 168, 190 
Beyer, A. (1867) 390 
Beyer, A. (1925) 577 
Beyerinck, M. W. 291 
Bigelow, W. D. 483 
bicarbonate ions 88 
Bignonia 577-8, 599 
„ capriolata 582 
Bignoniaceae 577, 599 
Billardiera scandens 272 
Billimoria, M. C. 294, 305 
biogen hypothesis 17 
Biophytum 610 

„ apodiscias 606 

„ reinwardtii 606 

„ sensitivum 598, 606 

Biovularia 854 

birch 271, 358, 383, 444-5, 471 
birds 468 

bird’s nest, yellow 343 
Bishop, L. R. 156 

Blaauw, A. H. 399, 407-8, 548, 552, 

562 

blackberry 173, 477 
Blackman, F. F. 156, 166, 173-5, 
188—9, 191, 201, 215-19, 224-6 
Blackman, V. H. 100, 426-7, 605 
Blackman reaction 226 
blastic action 409 
bleeding’ 289 
’bloom’ 564 
bluebell 244 


Blum, G. 42-3 
Bode, H. H. 264 
Bodn&r, J. 132 
bog plants 256, 356 
BOhm, J. 168 
Boletus 138 
Bond, G. 303 
Bonner, J. 459-60, 467 
Bonnier, G. 155, 164, 169 
Bonte, Helene 91 
borates 128 
boric acid 339, 570-1 
boron 196, 823, 326-8, 332, 338-40 
„ deficiency 339-40 
„ toxicity 332, 340 
Borthwick, H. A. 458-60 
Bose, J. C. 600-1, 604 
Boswell, J. G. 140, 173, 186 
Botrydium 462 
Botrytis 400 

,, cinerea 349, 584 
Boucherie 263 
Bourne, E. J. 122, 244 
Bourquelot, E. 145-6 
Boussingault, J. B. 198, 291, 306, 389 
Brachythecium rivulare 569 
Bradford, F. C. 474, 485 
Brain, E. D. 528, 532 
Branscheidt, P. 469-70, 472 
Brassica 338, 350, 385, 387, 434, 550 
„ alba 382-3, 387 
„ campestris 278 
„ napus 174,278,414,536,572, 
582-3 

„ rnger 385 

,, rapa 324, 388 

„ sinapistrum 385 
Brauner, L. 37-^0, 543, 565 
Brauner, M. 37 
Brazil nut 320 
Brenchley, W. E. 338-9 
Bridel, M. 145 

Briggs, G. E. 86, 88, 163, 217, 224, 
226-7, 230, 236-7, 331-2, 426-8 
Briggs, L. J. 283, 286 
Brink, R. A. 472 
Briza media 325 
broad bean see Vida f aba 
bromelin 128 
bromide ion 72, 76-8, 84 
bromides 62 
Brooks, S. C. 84, 87-9 
broom 272, 433 
Brown, A. J. 45, 50, 367-8 
Brown, H. T. 201-7, 217, 228 
Brown, R. 9, 384 
Brown, S. M. 332 
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Brown, W. 58-9 

Brown, W. H. 282, 286-7, 607-9 

brown algae, pigments of 209-11 

Brownian movement 9, 12-18 

brown- phase test 212 

Broyer, T. C. 830 

Bruce, J. 588 

Brussels sprout 250 

Bryan, O. D. 327 

bryony (Bryonia dioica) 72, 400, 577 
„ , black (Tamus communis) 506 

Bryophyllum calycinum 436-7 
Buch, H. 559 
Buchner, E. 106, 129, 400 
buckwheat 189, 367, 370, 466, 478 
Buder, J. 541, 561-2 
buds 395, 432, 443-8, 495, 503 
„ , adventitious 350 
„ , apical (terminal) 886, 437-8, 534 
„ , axillary (lateral) 435-9 
„ , flower 443-7, 479-80, 502, 508-9 
„ , leaf 443-8, 502, 508-9 
„ , resting 365, 493-^i 
bulbils 364 

bulbs 311, 318, 321, 349, 441, 452, 
477 

Buller, A. H. R. 467, 568 
Bulliardia aquatica (Tillaea aquatica) 
871 

Bumilleria 462 
Bunning, E. 591 
Burdon-Sanderson, J. S. 608 
Burgerstein, A. 277, 290, 384 
Burges, A. 347-8, 359 
Burk, D. 301 
Burmannia 468 
Burmanniaceae 345 
burning, effect of 576, 601 
Burstrom, H. 84, 88-9, 168 
Butkewitsch, W. 156 
butylamine, iso- 307 
butyraldehyde 181 
butyramide 91 
butyrases 126, 146 
butyric acid 93, 146, 151, 571 
Buxus sempervirem 407 
Byblis 352 
Byer, A. C. 421 

cabbage 189, 250, 452 
Cabomba caroliniana 226 
cacao 808 

Cactaceae 288, 481, 506, 584, 589, 599 
caesium 828 
„ salts 569 
caffeine 308 
Caladium bicolor 35 


calcium 14, 21-5, 72, 251, 817, 822-8, 
332—4, 889-40, 843 
„ bromide 168 
„ carbonate 289, 449, 570 
„ chloride 22,88,62,78-4,77-9, 
94-5, 97-8, 100, 168, 289, 
472 

„ deficiency 334, 389 
„ ions 76, 96, 526 
„ nitrate 79, 95, 295, 822, 570 
„ oxalate 68, 338, 449, 538 
„ oxide 823-5 

„ pectate 248, 334 

„ phosphate 822 
„ phosphatide 334 
„ sulphate 152, 168, 322 
Calendula officinalis 529, 531 
Callisia repens 596 
Calluna 359-60 
callus 313, 413 
Caltha palustris 380 
cambium 259, 311, 313-14, 321, 438-9, 
449 

Camellia 480 

camphor 570 

Canavalia ensiformis 128 

Candolle, A. P. de 561 

cane sugar see sucrose 

Canna 368, 470, 531 

Cannabis sativa 174, 389-90, 578, 581 

Cannizzaro reaction 143, 180-1, 188 

Cantharellus ciliatus 174 

capillarity 261, 263 

caproic acid 93, 248 

caprylic acid 93 

Capsella 385, 887, 580, 540 

carbohy drases 114 

carbohydrate content of protoplasm 14 
„ -nitrogen ratio 298, 465-6 
carbohydrates, formation of 198-9, 
201, 231-8, 244-8 
„ , production of, in lichens 

857 

„ , storage of 319-21 

„ , translocation: of 812- 

15, 817-18 

„ as substrate in enzyme 

actions 118-24 

„ as substrate for respira- 

tion 149-58, 176-8 
„ in seeds 888-91 

carbon, assimilation of 198-251 
carbonate 26, 291 

carbon dioxide, absorption of 201-8 
„ ,, , effect of, on response to 

electrical stimulation 
600 
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carbon dioxide, influence of, on germi- 
nation 372, 382 

»> » , influence of, on respira- 

tion 166-7 

» „ , production of, by en- 

zyme action 106, 
114-15, 129, 131-2 
„ *,5 production of, in respi- 

ration 149-64, 160- 
7, 170-8, 180-1, 183- 
0, 188-91 

„ „ concentration, influence 

of, on photosynthesis 
214-22 

carbonic acid, effect of, in inducing 
sprouting 445 

,, anhydrase 132, 241, 336 
carbon monoxide 1 1 1 , 1 32, 1 38-40, 526 
carboxylase 114, 130-2, 180-1, 184-6 
Cardamine pratensis 421 
cardinal points in growth 401 
Carex riparia 74 
Carica papaya 128, 440, 590-1 
carotene (carotin) 209-11, 213-14 
carotenoids 209-11, 213-14, 242-4 
carotenols 214 
Carpinus betulus 325 
carrot 38, 43-5, 72-4, 76-9, 87, 89, 125, 
108-9, 173, 180-7, 189, 319, 349 
Cartellieri 273 
Carum petroselinum 272 
Carya olivaeformis 480 
Caryophyllaceae 477 
Casparian strips 432 
Caspary 371 
Cassia bicapsularis 384 
„ multijuga 384 
Castle, E. S. 550, 552, 563-4, 574 
catabolism 196 

catalase 114, 135, 143-4, 240-1 
Catalpa bignonioides 202-3 
catalysis 106 

catalysts 105, 107-8, 145, 237, 240, 
332, 385, 875-6, 409, 413 
cataphoresis 18, 574 
catechol 180-9, 141, 144, 186 

„ oxidase 130-40, 180-8, 386 
Cattle, M. 332 
Caventou, J. B. 209 
Ceanothus 857 
Celakovsky, L. 572 
cell, relation of, to solutes 52-104 
„ , structure of 7-8 
„ , water relations of 29-51, 252 
„ differentiation 895, 425, 428-9 
„ division 12, 832, 395, 401, 409, 
418, 425, 428-9 


cell enlargement 395, 401, 409, 415- 
17, 424-5, 428-9 

„ membranes 18-31, 50-3, 67-9, 
74-5, 88, 101-4 
„ plate 25 

„ -sap 18, 22-4, 81-42 
„ -wall 7, 18, 24-8, 50-1, 101, 240-8, 
287, 831, 333-4, 391, 416, 424, 
432, 449, 500, 514, 564, 591 
cellobiase 115, 123, 247 
cellobiose 115, 123, 120, 246 
cellulase 115, 123, 247 
cellulose, formation of 246-7 

„ as substrate in enzyme actions 

115, 123-4 

„ as substrate in respiration 

153, 178 

,, in seeds 388-90 

Centaur ea 609-10 

,, americana 599, 610 

,, jacea 599, 609 

centrifugal force 511-12, 516, 519, 535, 
558 

Centrosperma 588 
century plant 452 
Cephalaria 420-1 
Cephalotaceae 352, 355 
Cephalotus follicularis 355-6 
Cereus 584 

„ grandiflorus 589 
„ macrogonus 161 

,, speciocissimus 506 
cerium bromide 95 
„ chloride 95 
Ceropegia gardnerii 506 
cevadine sulphate 95 
Chaetocladium 415 
Chamaenerium latifolium 165 
Chamberlain, C. J. 387 
Chambers, R. 12 
Channon, H. J. 15, 251, 334 
Chapman, H. D. 332 
Chara 69, 76, 89-91, 99, 102, 500, 539 
Characeae 539 
Charlock 385 

Cheiranthus allionii 529, 531 
Chelidonium majus 470 
chemical stimulus 491, 493-4, 502 
chemonasty 587, 592-0 
chemotactic movement (chemotaxis) 
467, 495, 568 

chemotropism 471, 502, 568-74, 576, 
585 

Chenopodium album 588 
cherry 178, 247, 442, 479 
„ laurel 284-5 
chestnut 898 



668 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


Chibnall, A. C. 15, 27, 250-1, 204-801, 
804-6, 810, 384 
chick pea 867 
chickweed 442 
Chien, S. S. 95 
Chlamydomonadaceae 843 
Chlamydomonas 252, 462-3, 495, 498 
chloral hydrate 96, 570 
Chlorella 217-18, 223-5, 227-8, 234, 
236-7, 241, 243-4, 328, 335 
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„ sulphate 59, 61, 95, 327, 526 
Coprinus 578 

„ lagopus 414 

CoraUorkiza innata 343, 347 
Cordyceps militaris 848 
cork 849,418,449 
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„ , epinastic 503, 509-10 

„ , galvanotropic 574-5 
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Cystococcus humicola 356 
cytase 115, 123-4 
Cytisus biflorus 384 
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„ gradient 170, 202, 216, 282, 

817-18 
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ferricyanides 61 
ferrocyanides 61-3 
ferrous phosphate 322 
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tions on 520-6 
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tions in 526-30 
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lation of res- 
ponse to 517- 
20 

geotropism 503-4, 511-45, 557 
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869-71, 872-3 
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glutamine 299-301, 308-4, 806-7 
glutelins 297-8 
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„ neglccta 533, 567 
„ verticillata 560 
Malvaceae 380, 384, 558, 561 
manganese 111, 323-8, 335 
„ acetate 95 

„ catalysis 168 

„ chloride 78, 82-3, 86 

„ deficiency 335 

,, -iron ratio 335 

„ salts 77 

Mangham, S. 314 
Mangin, L. 155, 164 
mango 189 

mangold 96-7, 123, 173, 189, 232, 319, 
349 

mangrove 42, 512 
Mann, C. E. T. 96-8 
Mann, L. K. 460 
Mann, T. 113, 132, 138, 141 
mannans 123 

Manning, W. M. 210-11, 243 
mannitol 60, 150, 232, 344, 422 
mannose 26, 109, 129, 247 
manuring 464-6, 476 
maple 383 

Maquenne, L. 118, 198 
Marcgravia 232, 245 
Marchantia 363, 512, 557, 573 
Marsh, R. P. 186-7, 339-40 
marsh spot disease 335 
Marsilia 498, 588 
Marth, F. C. 481 
Martin, J. C. 76 
Marx, E. 132 
Masdevallia muscosa 599 
Maskell, E. J. 221, 294-5, 305, 313-19, 
330, 338 

Mason, T. G. 294-5, 305, 313-19, 330 
Mason, U. C. 287 
Matousek, A. 331 
Matthaei, G. L. C. 225 
Maximov, N. A. 271, 275, 283, 286-8, 
290 
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Maz£, P. 292, 326-7, 840 
meadow foxtail 453 
mechanical irritation 474 
mechanistic conception of the plant 3 
Medicago 368 

,, arabica 369 

„ denticulata 369 

„ sativa 250, 286 

Megaclinium falcatum 509 
Mehta, R. J. 163 
Meiklejohn, G. T. 140 
Meissner, R. 201 
Melampyrum 195, 351 
Melandrium rubrum 220, 223 
Meldrum, N. U. 135 
Melilotus alba 453 
melon 370 
membrane 57 
mercuric chloride 47 
mercury 578 
„ salts 92 

meristematic cells 7, 22, 895-7, 429, 
431-2 

Mesembryanthemum 586 

mesophytes 279, 287-8 

metabolic activity and salt absorption 

81-5, 87, 89, 
329-30 

„ „ „ water absorp- 

tion 36-41 , 
329-30 

metabolism 196-7, 199, 833, 392, 441, 
449, 497, 507, 528, 540, 554 
meta-proteins 296 

methyl alcohol 60, 91, 93, 125-6, 143, 
213, 572 

„ esters of pectic acid 124-5, 247 
„ ethyl malonic acid 60 
„ glyoxal 179-81, 308 

„ indole butyrate 451 

„ urea 91 
methylamine 307 

methylene blue 58-9, 79, 96-7, 134-5, 
141, 602-8 
Meurer, R, 72 
Meyer, A. 9, 118, 231, 242 
Meyer, K. H. 26, 118 
Meyerhof, O. 181, 183, 189-90 
Michaelis, L. 61, 146 
Micrococcus lysodeikticus 132 
micro-dissection 12 
micro-nutrients 328 
microsome8 15 
Millardet, A. 474 
Miller, E. C. 323 
millet 327, 370 

Mimosa 498-9, 596, 598, 600-6, 609-10 


Mimosa glomerata 884 
„ invisa 369 
„ marginata 589 
„ pudica 100, 450, 495, 501-2, 
589-91, 596, 598-605 
,, spcgazzinii 598, 601-3 
„ tilingii 589 
Mimulus 599 
Minarik, C. E. 339 

mineral elements, absorption of 828-30 
„ „ , essential 322, 326-3 

„ „ , function and utiliza- 

tion of 330-41 

„ „ present in plant 322- 

28 

Minden, M. v. 599 
minor elements 328 
Mirabilis jalapa 161 
mistletoe 195, 351, 371 
mitochondria 9, 15, 147 
mixotrophism 342 
Miyake, K. 399 
Miyoshi, M. 471, 569 
Mnium undulatum 224 
Mohl, II. v. 8, 118, 199 
Moliseh, H. 152, 276-7, 363, 442, 
444-6, 450, 469, 471, 480, 495, 526, 
572-3 

Moller, A. 400 
molybdenum 327-8, 336 
inonoehloraeetic acid 59-60 
monoiodoacetie acid 178 
monophenol oxidase 136, 138-9 
monosaccharides 14, 115, 481 
Monotropa 343, 346-7 
Monotropoideae 345 
Monstcra delieiosa 560 
Montfort, C. 256 
Morgan, E. J. 185 
Morinaga, T. 877-8 
morphine 309 

movement in plants 170, 491, 494-504, 
546, 581, 586-610 
mucilage 466, 500 
Mucor 12, 408, 512, 584 
„ mucedo 414, 467, 569 
„ raccmosus 401, 415, 462 

„ stolonifcra 400 

Mucorineae 399, 573 
Muenscher, W. L. C. 273 
mulberries 474 
Miillej, D. 178 
Muller, J. 494 
Muller, N. J. C. 549 
Muller, O. 500 
Miiller-Thurgau, H. 443 
Munch, E. 318 



Murneek, A. E. 481 
Murray, J. W. 36 
mushroom 138 
mustard 126 

„ , black 385 

„ , oil of 126, 338 

„ , white 387, 546 

mutase action 132, 143 

mutualism 343, 357 
mycorrhiza (inycorhiza) 345-8, 356 -60 
Myers, R. M. 450 
Myrica 357 

Myriophyllum proserpinacoidcs 592 
myrmicophilous plants 356 
myrobalan plum 327 
myrosin 115, 126 

Myxomycetes 10-14, 19-20, 498 500 
Myzodendraccac 351 

Nagai, I. 378 

Nageli, C. 26, 117-18, 176, 312 
Nair, K. R. 142, 299 
Namikawa, J. 478 
Nanji, D. R. 124 

a-naphthalene acetic acid 440, 467, 476 
/J-naphthoxy acetic acid 451, 476 
Narcissus 210, 294, 305, 442 
„ pocticus 157 

„ tazetta 471 

narcotic action 355 
nastic phenomena 492, 495, 502, 586- 
610 

Nasturtium 541 

„ palustre 220, 223 
Nathansohn, A. 550 
natural parthenocarpy 474 
Naudin, C. 474 
Navez, A. E. 542, 575 
nectar 354 
nectaries 289 
negative osmosis 36 
Negelein, E. 227-8 
Neidig, R. E. 132 
Neish, A. C. 132, 336 
Nelson, J. M. 189-40, 186 
Nelson, M. G. 424, 543-4, 577 
Nelumbium asperifolium 384 
„ codophyllum 384 
„ nucifcra 384, 387 
„ spcciosum 384 
N€mec, B. 537, 539 
Nemophila insignia 372-3 
Neottia nidus-avis 343, 846-7 
neoxanthin 210 
Nepenthes 127, 354-6, 596 
Neptunia oleraeea 606 
Nernst, W. 496 
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Neuberg, C. 131, 176, 179-81, 183, 185, 
308 

Neukirchen, J. 526 
Newcombe, F. C. 535, 570, 584-5 
Nicholls, M. J. 118 
Nicolas, G. 159, 167 
Nicotiana 472, 477-8, 589 
„ glauca 588 

,, tabacum 309, 377 

nicotine 309 
nicotinic acid 129, 460 
Niel, C. B. van 238-9, 241 
Nielsen, N. 417 
Niethainmer, A. 470, 472 
Nigclla damascena 309, 529, 531 
„ saliva 309, 372 
nigelline 309 

Nightingale, G. T. 299, 304, 332, 334, 
466 

nightshade, deadly 309 
Nitclla 69, 78, 500 
,, clavata 76, 84 
„ coronata 84 
,, vcntricosa 84 

nitrate 24, 42, 50, 54, 62, 68, 151, 
291-5, 298-301, 304-6, 316, 
334, 337, 345, 356, 358-9, 
374-6, 465, 570 
„ -reducing enzyme 299 
nitrating bacteria 151, 292 
nitric acid 61, 151, 292, 378 
nitrifying bacteria 151, 292, 356 
nitrite 151, 292, 294, 298-9, 305, 345 
Nitrobactcr 151, 292 
nitrogen assimilation 291-310 

„ compounds, translocation of 

312, 314-17 
,, cycle 292 

,, fixation 292, 360 

„ gradient 315-16 

„ metabolism 291-310, 332-4, 

337, 344-5, 347, 352, 354-8, 
391-2 

„ starvation 358 

m-nitrophenol 60-1 
Nitrosomonas 151, 292 
nitrous acid 151, 292, 306 
Nitzschia closterium 243 
Nius, E. 275 
Noack, K. 548 
Nobbe, F. 367, 369, 371, 380 
nodule, root 301-3, 357, see also root 
tubercles 

„ bacteria 302-3 
Noll, F. 512 
Nordhausen, M. 564 
Northrup, J. H. 113 



684 INTRODUCTION TO PRINCIPLES OF PLANT PHYSIOLOGY 


notatin 140 
Nowinski, M. 470 
nucleic acid 14, 297, 358 
nuclein nitrogen 160-1 
nucleo-proteins 14, 337 
nucleus of cell 8, 13, 16-17, 147, 297, 
331, 334, 337, 472, 499, 500, 538 
Nuernbergk, E. 548 
Nuphar advenum 202 
„ lutea 470 

nutation 501, 505-8, 510, 512, 580-1 
nutrient salts 267, 464, 526 

„ solution 331, 333, 374, 461-3, 
526 

„ substances, effect of, on form 
„ 433 

„ „ , supply of 475, 

479, 481 

nutrition 195 7, 475-7, 479-81, 494 
„ , effect of, on reproduction 

461-6 

nutritive effect of stimulation 494 
nyctinastic movements 587-91 
Nymphaea semiaperta 470 

oak 358, 383, 443, 471 
oat 327, 335, 367, 370, 405, 418, 429, 
453, 514, 516, 522, 547-8, 561, 
see also Avena 

„ coleoptile 39, 187, 417-20, 423 
n-octacosanol 248, 250 
octyl alcohol 93 
Oedogonium 462-3 
oenanthic acid 93 
Oenothera 222, 589 
Ohga, I. 384, 386 
Oholm, L. W. 54-5 
Oleaceae 332 
oleic acid 248 
Olney, A. J. 483 
Olsen, R. A. 187 
Oltmanns, F. 549, 551 
omnivores 344, 349 
onion 13, 24, 40, 44-5, 51, 80, 100, 185, 
279, 318, 569 
Onoclea sensibilis 132 
Onslow, M. 136-8, 141, 310 
oogonium 463, 466 
Oomycetes 348 
Opuntia 431, 584 
„ cylindrica 161 
„ toment 08 a 158, 161 
„ versicolor 279 
orange 888,474,477,481 
orchid 84 8, 847, 858-60, 378-9, 887, 
450, 478, 509, 589, 578, 599 
„ , bird’s nest 848 


orchid, coral root 843 

Orchidaceae 845, 358 

Orchiomyces 347 

organs, development of 428-9 

orientation of leaves 556-8, 564-5 

Ornithogalum umbcllatum 591 

Orobanche 174, 350, 378 

orthobenzoquinone 139 

orthogeotropism 512, 532-4 

orthoquinone 136-9 

Osborne, T. B. 320 

Oseillariac 500 

osiriic acid 47 

osmosis 26, 31, 253, 368 

„ , anomalous (negative) 86 

osmotic gradient 318 

„ pressure 29-44, 46-7, 49-50, 

98, 254-60, 262, 
264, 266, 273-4, 
277, 289, 293, 296, 
313, 318, 329, 331, 
366, 415, 491, 502, 
568, 606 

„ „ , determination of 34- 

5, 39-40 

„ „ in guard cells 274 

osinotropism 502, 568 
Osmunda regalis 527-8, 531 
Osterhout, W. J. Y. 36, 68, 75, 88, 
94-5, 224-5, 336 
Osterwalder 478 
Otto, R. 291 

Overbeek, J. van 416, 420-3, 566, 590 
over-curvature 514 
Overton, E. 15, 102, 104 
ovothrombin 22-3 
oxalacetic acid 132, 190, 299-303 
oxalates 333, 357, 538 
oxalic acid 24, 42, 158, 806, 883, 378 
Oxalidaceae 509, 588, 598, 606 
Oxalis 221, 223, 383, 498, 501, 588-9, 
593, 606 

„ acetosella 208, 220, 223, 272, 
501, 509, 591, 598, 606 
„ hedysaroides 509 
„ macra 560 
„ pentaphylla 383 
„ rosea 590, 592 
„ rubella 383 

oxidases 114, 135-41, 186-8, 241 
oxidation 114, 133-44, 149-54, 156-9, 
177, 186-91, 885 

„ processes in respiration 186- 
91 

oxidative anabolism 188-91 
oxidizing enzymes 114, 188-44, 188 
oxido-reductase 141 
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oxime of oxalacetic acid 802 
oxygen, ‘activated’ 133 
„ , heavy 237-8 

» as factor in photosynthesis 231 

„ concentration, effect of, on 

geotropic re- 
action 525-6 
» „ , effect of, on 

germination 
377-8, 381 

„ „ , effect of, on 

growth 413-4 
,, ,, , effect of, on 

phototropic 
reaction 555- 
56 

„ „ , effect of, on 

, respiration 
157, 165-6 

„ „ , s t i in u 1 u s o f 

change in 572 

oxygenase 136-7 
oxynitrilase 126 
ozone 600 

Paul, A. 524, 560 

Paeonia peregrina 525 

Page, H. J. 210 

Paine, S. G. 100, 605 

Palladin, V. I. 161, 167, 170, 338 

palinella condition 430 

palmitic acid 249-51 

palms 368 

Paniceae 599 

Panicum 559, 576, 580, 583 
„ miliaccum 581-2 

„ sanguinale 530 

Pantanelli, E. 73 
papain 128 
Papaveraceae 309 
Papaver rhoeas 163 

„ 8omniferu7n 309 
papaw 128 

papillae, glandular 595 
paralysers, enzyme 111 
parasite 195, 197, 342, 346-52, 358-60, 
878 

„ , facultative 342, 349 

„ , hemi- 351-2 

„ , obligate 342-3, 349 

„ , partial 342 

„ , root 350-1, 378 

„ , stem 850-1 

parasitic organisms, influence of, on 
form 484 

paratonic movements 501 
Parija, P. 173, 188 


Paris quadrifolia 379 
Parker, F. W. 334 
Parker, M. W. 458-60 
Parkin, J. 233 
Parr, R. 552, 556 
parsnip 72, 319 
parthenocarpy 474-6 

„ , stimulative 474 

„ , vegetative 474 

parthenogenesis 468, 474 
partition coefficient 36, 56-7, 102-3 
Passiflora 477, 577, 579 

„ gracilis 507,579-80,582,584 

„ punctata 582 

Pasteur, L. 106, 174 
Pasteur effect 174, 188-91 
Pastinaca sativa 319 
pathogenes 348 
Patou, F. J. 124 
Payen, A. 106 

pea 118, 122, 184, 245, 298, 300-3, 327, 
367-8, 370, 388, 402, 420, 423-4, 
437 

„ , field 453 
„ test 420 
peach 295 

,, leaf curl 434 
pear 171, 474, 481, 483 
Pearsall, W. H. 294, 305 
Pearse, H. L. 276 
Peat, S. 118, 120, 122, 244 
pecan 480 
pectase 125-6 
pectate 25, 124, 247-8 
pectic acid 124-6, 247 
pectin 25, 115, 124-6, 246-8, 340, 390, 
471 

„ , insoluble 124-5, 247 

„ , soluble 124-5, 247-8 

„ polygalacturonase 125 
pectinase 115, 125, 471 
pectose (insoluble pectin) 124-5 
pectosinase 125 
pelargonic acid 93 
Pelargonium peltatum 229, 231 
„ zonale 199, 233, 470 
Pelletier, J. 209 
Pellew, C. 484 
Pcllia 399 

„ calycina 539 
„ epiphylla 539 
Pellionia 557 
Peltigera canina 856 
Penicillium 128, 127, 344, 402 

„ glaucum 255, 344, 415, 569 

„ notatum 140 

„ resticulosum 140 
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pentosans 33, 115, 282, 483 
pentose 98, 124, 129, 142, 282, 247 
P-enzyme see phosphorylase 
pepsin 113, 115, 127-8 
peptides 115, 296-7 
peptones 115, 127, 150, 155, 292, 
296-7, 344-5, 855, 357-8, 471, 569 
perception 518, 522, 525, 587 

„ , influence of wave-length of 

„ light on 551-3 

„ , mechanism of 561-5 

„ , seat of 497, 518, 558-61, 

564-5 

„ of aerotropic stimulus 572 

„ „ chemonastic stimulus 

594 

„ „ chemotropic stimulus 

571-2 

„ „ contact stimulus 583-^t 

„ „ geotropic stimulus 523- 

4, 526, 534-41, 556 
„ „ hydrotropic stimulus 

573-4 

„ „ mechanical stimulus 607 

„ „ phototropic stimulus 554 

„ „ rheotropic stimulus 584 

„ „ stimulation of tentacles 

597 

„ „ traumatotropic stimulus 

576 

perennial rye-grass 299 
periodic movements 587-91 
periodicity 441-51 

„ , aitiogenic 442 

„ , annual 441-3 

„ , daily 441 

permeability 52-3, 57-71, 99-104, 289, 
329, 412, 461, 472, 565, 
605 

„ , effect of dissolved sub- 
stances on 

100 

„ , „ „ light on 100 

„ , „ „ temperature 

on 99-100 

„ , reversible changes in 99- 

101 

„ , theories of 101-4 

„ constant 90-1 

„ of membranes 57-64, 

89-91 

„ to enzymes 111 

peroxidases 113-14, 185, 141, 285, 240 
Persoz, J. 106 
Pertz, D. F. M. 275 
petals, respiration of 168 
Peter 385 


Petrie, A. H. K. 86 
Petunia violacea 469 
Peyronel, B. 359 

Pfeffer, W. 15, 18, 28-9, 178, 176, 178, 
186, 189, 259-60, 371, 440, 467, 492, 
497, 503-4, 587, 568-9, 572, 574, 
578-9, 585, 590, 592, 598, 607, 609-10 
Pfliiger, E. 171 
Phacelia tanacetifolia 372 
Phaeophyceae 332 
phaeophytin 211-12 
Phalaris canariensis 530, 536, 559, 582 
Phaseolus 36, 421, 488, 535, 560, 588 
„ multiflorus 73, 77, 223, 248, 

804-5, 326, 396-8, 430, 
432, 438, 457, 512, 524, 
530, 542, 555, 575-6 
„ vulgaris 168, 226-7, 230, 

273, 505-7, 512, 524-5, 530, 
576, 581 

phase potential 36 
phases in salt absorption 82-6 
phasic development 453 
phenol 60-1, 92, 125, 135, 570-1 
phenolase 135 

phenols 135, 138-9, 186, 239, 336 
phenyl acetic acid 440, 475 
phenylalanine 297 
phenylenediamine 139 
Philadelphia pubcscens 313 
Phillips, T. G. 545 
Phillis, E. 315 
Phleum pratense 453, 457 
Phlox Drummondii 372 
Phoenix dactylifera 247 
phoeophytin 211 
phosphatase 115, 127 
phosphate 110, 115-16, 121, 129, 131, 
179, 182, 184-5, 822, 569- 
70 

„ dehydrogenase 180 

„ esters 184 

„ ions 355 

phosphatide acid 251 
phosphatides 14, 249, 470 
phosphoglyceraldehyde 181-2 
phosphoglycerate 184-5, 187-8 
phosphoglyceric acid 181, 182-5, 188 
„ aldehyde 180-1, 181- 

2, 188 

phosphoglycerol 181 
phosphoglyceromutase 180-1, 182 
phosphohexoisomerase 180, 179 
phospholipins 249, 251, 807, 387 
phosphopyruvic acid 181, 188 
phosphoric acid 61, 116, 129, 180-1, 
179, 181, 249, 251 
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phosphorus 190, 248, 251, 293, 297, 
317, 322-5, 328, 330, 332, 
334, 337-8 

„ deficiency 184 
phosphorylase 114-10, 121-2, 140, 
244-5 

phosphorylation 129-30, 179-80, 185, 
239 

photic stimulus 491 
photochemical equivalence, law of 
228 


photosynthesis, photochemical stage in 
217, 225, 233-7, 239- 
42 

„ , products of 231-3 

„ , protoplasmic factor in 

215-17, 222, 224, 

229-31, 235 

„ , rate of 215-17, 221-3, 

225-7, 489 

„ , temperature coefficient 

of 225 


,, reaction in photosyn- 

thesis 233 -42 
photonasty 502, 587-91 
photoperiodism 455-61, 467 
photo stage 453 

photosynthesis 165, 198-244, 252, 267, 
270, 272, 274-7, 311, 
331-2, 336, 342, 351, 
357, 370, 377, 388, 
391, 393-5, 401, 407, 
414, 431, 434, 464-5, 
490 

„ , chemical stage in 217, 

225, 233 -4 

„ , compensation point in 

224 

„ , conditions influencing 

214-31 

„ , diffusion phase in 220, 

236 

,, , effect of age of leaves 

of etiolated seedling 
on 230 

,, , effect of carbon dioxide 

content on 215-22 
„ , effect of internal fac- 

tors on 229-31 

„ , effect of light intensity 

on 215-17, 219-25, 
233-4 

„ , effect of oxygen on 231 

,, , effect of temperature 

on 217, 224-0, 233-4 
„ , effect of various sub- 

stances on 231 

„ , effect of wave-length of 

light on 222, 226-9 
„ , enzymatic phase in 

235-0 

„ , enzyme actions in 235- 

6, 240-1 

„ , induction phase in 224 

„ , limiting factors in 215- 

17, 219-25, 233-4 
„ , measurement of 200-1 

„ , mechanism of 233-44 


„ , time factor in 224 

phototaxis 504, 546 
phototonus 496, 509 
phototropic indifference 550, 563 
phototropic irritability 540 

» f9 9 effect of oxygen 

on 555-0 

9 9 99 9 effect of tem- 

perature on 
553-4 

» „ , effect of vari- 

ous gases on 
556 

,, , effect of wave- 



length 

of 


light 

o n 


551-3, 574 

»» 

,, , influence of ex- 


ternal 

con- 


ditions 

553-6 

on 

99 

„ , changes 

in. 


during 

de- 


vclopment 


556 


99 

reaction, course of 

547, 


566-7 


99 

stimulation 601 



„ „ , inhibition of 

response to 
95 

phototropism 416, 502, 510, 543, 546- 
67, 574 

Phragmidiutti rubi-idaei 349 
Phragmitcs communis 74 
phycobilins 211 
phycocyanin 211, 244 
phycoerythrin 211 

Phy corny ccs blakeslccanus ( — Ph. nitens) 
398, 404-5, 408-11, 414-15, 430, 523, 
530, 540, 549-52, 556, 562-4, 572-4, 
584 

Phyllocactus 158, 481 
Physcia parietina 350-7 
physiological division of labour 394 
phytohormones 410 
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phytyl 212 
phytosterol 14, 248-0 
Piccard, A. 535 
Picea (spruce) 358, 533 
„ abies 858 
„ excelsa 161 
„ pungens var. glauca 531 
picric acid 59 
Pierce, J. G. 169, 351 
pigments 8, 14, 21, 23-4, 68, 209-14, 
229-30, 242-4, 334-5, 342, 473, 504 
Pilobolus 399, 552-3, 556 
Pilogyne suavis 580 
pineapple 128, 467, 474 
Pinguicula 352-3, 372, 593, 596, 598 
Pinus 217-18, 223, 358 
„ austriaca 367 
„ rnurrayana 359 
„ strobus 383 
„ sylvestris 383, 401 
Pisek, A. 273 
Pislia 387, 540 

Pisurn (edible pea) 23, 36, 42, 74, 80, 
132, 157, 165, 169, 171, 176, 
253-4, 278, 298, 320, 334, 367, 
888, 401-3, 405, 415, 420, 423, 
431, 437, 440, 507, 526, 534, 
544, 573, 575, 577 
„ arvcnse 453 
„ sativum 132, 142, 420, 440 
pitcher plants 854-6, 596 
Pithecolobium saman 369 
Plaetzer, H. 224 
plagiogeotropism 534 
plagiophototropism 556-8 
Planck’s constant 228 
plane 446 

Plantago 247, 388, 557 
„ lanceolata 530 

„ media 530 

plantain 247, 388, 557 
plant unit 419 

plasmatic (plasma) membrane 18-22, 
29, 472, 500, 537 
plasmatin 14 

Plasmodiophora brassicae 434 
plasmodium, analysis of 14 

„ , movement of 498-9 

plasmolysis 33, 35, 49, 51, 70-1, 424 
plasmolytic determination of osmotic 
pressure 84-5, 89-40 
„ transport method 49 

plasmometric method 71 
plasticity of cell wall 38, 424 
plastids 8-9, 17, 209, 212, 245, 881, 
834, 500 
„ , origin of 9 


plastin 14 

Platanus occidentals 201 
plum 126, 247, 327, 477, 480-1 
Plumbaginaceae 289 
pneumatophores, negative geotropism 
of 512 

Poa annua 457, 470 
,, pratensis 373, 877 
,, trivialis 877 
‘pocket plums’ 434 
Podocarpus milanjiana 265 
Poiseuille’s formula 319 
poisonous substances, absorption of 

91-4 

,, „ , effect of, on 

form 433-4 
,, „ , effect of, on 

photosyn- 
thesis 231 

„ „ , effect of, on 

respiration 
168, 177 

„ „ , effect of, on 

water ab- 
sorption 47, 
256 

poisons, enzyme 111 
pollen 418, 440, 467-72, 474-9, 610 
„ , excretion from 469-70 

„ , germination of 468-72, 479 

„ grain 468-72, 569 
„ tube 400, 408, 468, 471-2, 478- 
80, 570, 572 
„ ,, , nucleus of 499 

,, „ , rate of growth of 471-2, 

479 

pollination 343, 467-70, 474-5, 477-81, 
508, 610 

polyglycoside 315 
Polygonatum officinale 827 
Polygonum 868 

„ aviculare 588 

„ convolvulus 588 

„ hydropiper 276 

„ sachalinense 201 

„ Weyrichii 228 

polypeptides 127, 296-7 
polyphenol oxidase 186-8 
Polypodium 222 
Polypompholyx 854 
polysaccharides 14, 159, 819, 391, 481, 
545 

Polytoma 848 
Polytrichum 812 
Popovici, A. P. 480 
poppy 867 

Populus 176, 888, 489 



Populua alba 272, 407 
„ nigra 272, 445 
Porodko, T. M. 570-1 
porometer 275-0 
porphyrin 113, 135, 141 
Porter, K. R. 242 
Portulata oleracea 279 
Portulacaceae 584 
Potamogeton 253, 378, 500 
potassium 24, 42, 49, 55, 84, 196, 317, 
322-5, 328, 330-3, 337, 340 
„ acetate 407, 509 

,, bicarbonate 218 

„ bromide 87, 108, 467, 569 

,, carbonate 55, 289, 570 

,, chloride 24, 30, 42, 55, 62, 

66, 72-3, 77-9, 86, 94, 98, 
100, 168, 332, 467, 569 
„ chloroplatinate 68 

„ cyanide 39, 187 

„ deficiency 331-2 

„ dihydrogen phosphate 322 

„ formate 569 

„ hydrogen sulphate 115,126, 

338 

,, hydroxide 378, 447 

,, iodide 208, 569 

„ ions 76, 80, 86, 98, 218, 526 

„ nitrate 36, 42, 49, 55, 68, 73, 

79, 95, 100, 168, 255, 258, 
293, 305, 322, 357, 467, 
568, 570 
„ oxalate 59 

„ permanganate 59 

„ phosphate 569 

„ salts 77, 568-9, 593 

„ sulphate 38, 62, 73, 79, 168, 

569-70 

„ tartrate 569 

„ ureate 570 

potato 37-9, 45-8, 87, 89, 02, 96, 100, 
115, 118, 122, 125, 132, 141, 167-9, 
171-2, 180, 223, 232, 234, 245, 278-9, 
292, 318, 322, 349, 303, 413, 434-5, 
443-4, 448, 477 
potential, adsorption 36 
„ , diffusion 36 

„ , phase 36 

potometer 268, 284 
Prankerd, T. L. 510, 521, 527, 531, 
537-8 

precursor of hormone 421, 454-5, 
458-9 

prepotency of alien pollen 469-70 
presentation time 498, 515-18, 520—4, 
520-82, 548, 551, 
559 
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» „ , minimum 531 

Preston, C. 89, 168 
Prianischnikov, D. 304, 306 
Price, S. R. 13, 19 
Priestley, J. 198 

Priestley, J. H. 258-9, 319, 431-2 
Primula 382, 557 
Pringsheim, E. 524, 550 
privet 156-7, 295 
prolamins 297 
propagation, vegetative 311 
propionaldehyde 131 
propionamide 91, 102 
propionic acid 59-60, 92-3 
propyl alcohol 93, 143 
propylene glycol 63, 91 
Prosopis vclutina 286 
prosthetic group 113, 134, 140-2, 147 
protandry 479 

proteases 115, 127-8, 145, 301-3, 305, 
320, 345, 352-5, 374, 392, 421, 593 
‘protective layer’ 449 
protein 9, 14-16, 18-19, 21, 23, 30, 75, 
113, 127-8, 132, 135, 138, 
140-1, 150, 156-7, 161, 170, 
183, 211-12, 263, 291-309, 
316-17, 320, 333-4, 330-8, 
340, 344, 346, 355, 369, 386, 
388-92, 395, 421-2, 448, 

470-1, 597 

„ synthesis 291, 293-6, 298-307, 
333 

proteins, conjugated 297 
„ , cytoplasmic 298 

„ , denaturing of 369, 386 

„ , derived 297 

„ , molecular structure of 296-7 

„ , protoplasmic 293, 304, 320, 

337 

„ , reserve 293, 303-4, 319-20 

proteoses 292, 320, 422 
prothalli, fern 546 
Protococcaceae 428 
protogyny 479 
protopectin 124-5 

protoplasm 8-22, 93, 103-4, 152, 161, 
170, 209, 216, 222, 229-30, 248, 
250-1, 291, 293, 297, 318, 320, 331, 
334, 337, 339-40, 386, 389, 391-2, 
412, 424, 438, 448, 401, 498-500, 
537-8, 540-2, 504, 571-2, 594 
protoplasmic streaming 262, 499-500 
protoplast 259, 499 
Protosiphon 462-8 
Protozoa 12 
prunase 115, 126 
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prunasin 126 
Primus avium 447 

„ cerasifolia , var. Pissartii 226 

„ cerasus 272 

„ laurocerasus 156, 165, 221, 225, 
265, 284-5, 440 
pseudoamylase 122 
Pseudomonas radicicola 292, 357, 359 
Pteris longifolia 408 
Puccinia graminis 349 
Pucher, G. W. 301 
Pugh, E. 291 
Pultenaea daphnoides 272 
„ floribunda 272 
pulvini 356, 498, 501, 508-9, 513, 515, 
551, 558, 561, 588, 591, 596, 598-9, 
601-6, 609 
pumpkin 370 
Puriewitch, K. 228 
purine 14, 129, 307-9 
Purkinje, J. E. 8 
purple sulphur bacteria 238 
Purvis, O. N. 453, 458-9, 467 
pyran 117 
pyranose 117 
pyrogallol 141 
Pyrola 540 
pyrrolidine 309 

Pyrus malus 265, 445, sec also apple 
pyruvate 185 

pyruvic acid 60, 131, 180-1, 183-5, 
187-91, 299-300 
„ aldehyde 181 

Pythium 252 

Q-enzyme 122, 146, 244-5 
quanta of light 228 
quantum yield 243-4 
Quercus 434 
,, ilex 265 

„ macrocar pa 68 

„ prinus 266 

„ robur 265, 272, 388, 407, 446 

„ sessiliflora 272, 447 

quinic acid 60, 150, 156-7, 161, 344, 
569 

quinine 231, 309 

„ hydrochloride 95 
quinoline 309 

„ , iso- 309 

quinones 242 

Raber, O. L. 95 
Rabinowitch, E. I. 238-40, 251 
radiation, infra-red 550, 574 
„ , solar 288-4, 286 


radioactive carbon 234, 289 

„ isotopes, use of 84, 87, 234, 
239 

radium 495 

„ emanation 446 
radish 457, 466, see also Raphanus 
sativus 
rafhnose 128 
Rafhesiaceae 350 
Raistrick, H. 344 
Rainann, E. 324 
Ramsdcn, W. 19 
Ranunculaceae 809, 576 
Ranunculus 525 

„ acris 276 

,, Jicaria 379, 560, 591 

„ repens 476 

„ sceleratus 375-6 

rape 127, 249, 324, 367 
Raphanus 411, 423 

,, sativus 418, 457, 566, 584 
raspberry 849, 481 
ratio, carbohydrate-nitrogen 465-6 
rattle 195 
Raulin, J. 327 
Rawitselier, F. 533, 545 
Rayncr, M. C. 359-60 
reaction time 495, 518 
reclamation disease 386 
rectipetality 504, 510 
red algae, pigments of 211 
„ clover 453 
Redfern, G. M. 74, 78 
reductive acid 1 40 
reductone 140 

Reed, H. S. 332, 334, 336, 427 
Rees, W. J. 92 
Reeve, E. 840 

refractometric method of measuring 
suction pressure 43-4 
regeneration 413 
regulators, growth 416 
Rehm, S. 339 
Reinders, D. E. 39 
Reinhardt, M. O. 400 
Reinke, J. 13-14, 212 
Remer, W. 372 
Renner, O. 255, 264 
reproduction 363, 865, 402, 452-85 
„ , asexual 868, 462-3 

„ , effect of nutrition on 

461-6 

„ , sexual 868, 462-4 

„ , vegetative 863 

„ hormone 467 
reserve substances 199, 283, 245-6, 
249-50, 819-21, 886, 888-92, 479 



INDEX 


691 


resin 14, 246 
resistance porometer 276 
respiration 81, 83-4, 88-9, 135, 146, 
149-91, 196, 198, 224, 
231, 250, 256-7, 267, 
275-6, 306, 308, 312, 319, 
329-30, 334-5, 364, 378, 
381, 385-8, 391-5, 402, 
414, 448, 473, 483-4, 
494-6, 525, 542, 545 
„ , aerobic 149-50, 152-70, 

176-91, 199-200, 256, 

335, 386-7 

„ , anaerobic 150-1, 157, 159, 

170-86, 188-9, 281, 256, 
386-7, 444, 448, 496 
„ , effect of salts on 168 

„ , fate of energy released in 

170 

„ , ‘floating’ 156 

„ , grand period of 392 

„ , heat evolved in 169 -70 

„ , intramolecular 151, 171 

„ , kinds of 149 -52 

„ , material used in normal 

152-60 

„ , ‘protoplasmic’ 156 

„ , rate of 156-7, 161-9, 364, 

448, 470, 473, 494, 498, 
542 

„ , relation of, to root absorp- 

tion 256 7 

„ , stages in 178-84 

„ , temperature coefficient of 

165 

„ and salt absorption 80-4, 

88-9, 329 

„ „ water absorption 37, 

39-40 

„ intensity 160-9 
„ „ , effect of acids on 

168 

„ „ , effect of alkalies 

on 168 

„ „ , effect of carbon 

dioxide con- 
centration on 
166-7 

„ „ , effect of organic 

substances on 
168 

„ „ , effect of oxygen 

concentration 
on 165-6 

„ „ , effect* of sugar 

concentration 
on 167 


respiration intensity, effect of tem- 
perature on 
165-7 

„ ,, , effect of wound- 

ing on 168-9 

„ ,, , influence of ex- 

ternal condi- 
tions on 164-8 
„ „ , periodicity in 

164 

„ „ in different or- 

gans 163-4 

„ „ in different spe- 

cies 161-2 

„ of hydrogen bacteria 152 

„ „ iron bacteria 152 

„ ,y nitrating bacteria 151 

„ „ nitrifying bacteria 151 

,, „ sulphur bacteria 151-2 

,, „ thiosulphate bacteria 

152 

respiratory quotient 153-60, 165, 190, 
232, 250, 484 

response to stimulation 406, 413, 463, 
„ „ „ 489-93,518, 

520, 527-8, 
536, 548-50, 
565 

„ „ „ , inhibition of 

525-6 

„ ,, „ , latent time of 

595-6 

„ „ „ , nature of 490, 

494-5, 498, 
505, 546 

„ „ ,, , place of 534 

rest period 364-5, 379, 441-9, 473, 485 
„ „ , imposed 443 

,, ,, , spontaneous 443-5, 448 

Reticularia lycoperdon 14 
retting 125 

Rhamnus frangula 444-5 
rheotropism 578, 584-5 
Rheum hybridum 35, 42, 306 
Rhinantheae 195, 351 
Rhinanthus 195, 351 
rhizocaline 440 
rhizoids 512, 539, 546, 574 
rhizopin 418 
Rhizopus 12 

„ suinus 418, 440 

„ tritici 125 

Rhodes, A. L. 570 
Rhododendron 372 
rhodoxanthin 214 
Rhoeo discolor 49, 70, 80, 89, 91 
rhubarb 42, 306 
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Rhus nucifera 138 
„ succedanea 138 
„ vernicifera 138 
rhythmic changes 441-2, 501-2 
„ growth 507 
Uibes grossularia 445 
„ rubrum 250 
riboflavin 142 
ribose 120, 142 
Ricca, U. 601, 603, 605 
rice 187, 327, 453 
Richards, F. J. 184, 332 
Richardson, W. D. 323 
Richter, O. 447, 550 
ricinoleic acid 154 
Ricinus 108, 158-5, 303, 892 

„ communis 127, 154, 174, 231, 
273, 366-7, 414, 529, 531, 
576, 582-3 

„ zanzibarensis 575 
rigor 496 

‘ringing’ 260, 295, 313-17, 351 
ringworm 348 
ripening of fruit 481-4 
Robbins, W. J. 332, 337 
Roberg, M. 301 
Roberts, O. 39-40 
Robertson, R. N. 87, 89, 168 
Robertson, T. B. 427 
Robinia 368-9, 450, 588-9, 598, 606 
Rodewald, H. 13-14 
root nodules 301 
„ parasite 350-1 
„ pressure 257-60, 289 
„ tubercle 291, 338, 356-7 
Roridula 352-3 
Rosaceae 434, 576 
Rose, R. C. 382 
rose-bay 479 
rosetting 336 
Rothert, W. 559-60 
Rouge, E. 234 
Roux, E. 118 

Roxburghia viridifolia 506-7 
Ruben, S. 284, 237-9 
Rubiaceae 309 
rubidium 84 

„ bromide 77 

„ chloride 87 

„ salts 569 

Ruhland, W. 72, 101-2, 306-7 
Rumex 557 

„ acetosa 140 

„ alpinus 202 

Ruscu8 androgynus 506-7 
Russula aculeatus 265 

„ nigricans 188 


rusts 348-9 
Ruta 540 

Rutgers, A. A. L. 522 
Rutten-Pekelharing, C, J. 515-16, 548 
rye 367, 370, 884, 458-4, 467, 480, 514 
,, -grass 250, 299 


saccharase 108, 113, 123 
saccharogenic amylase 115 
Sachs, J. 176, 196, 199, 201-2, 231, 
256, 260, 322, 870, 395-8, 407, 416, 
513, 515, 551, 558, 561, 573, 580 
Sachsse 388 

Sagittaria sagittifolia 378, 381 
Sahai, P. N. 250 
Salicaceae 434 
salicin 145 

Salisbury, E. J. 272-3, 363 
saliva 117 
Salix 383, 439 
,, aurica 445 
„ glauca 165 

salt absorption and respiration 80-4, 
88-9, 329 

,, ,, „ transpiration 

329-30 

„ „ „ water uptake 

329-30 

„ accumulation 75-80 
„ respiration 89, 168 
Salvia 466 
Salvinia 40 

Sambucus nigra 222, 227, 229, 445 

Sammet, R. 570-2 

Sando, W. J. 453-4 

Sands, C. E. 483 

Santalaceae 351 

Sapoznikow, W. 294 

Saprolegnia 569 

saprophytes 195, 197, 342-8, 359 
„ , partial 342 

Sarraccnia 355 
Sarraceniaceae 352, 354-5 
Saussure, T. de 106, 115, 169, 198-9, 
214 

Sawyer, G. C. 282 
Saxifraga 289 

„ umbrosa 48 
Saxifragaceae 355 
Saxton, W. T. 508 
Scarisbrick, R. 242 
scarlet clover 826, 453 
Scarth, G. W. 274-7 
Schaffner, A. 121 
Schardinger enzyme 141 
Schermerhorn, L. G. 832, 887 
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Schimper, A. P. W. 9, 256, 294, 312, 
833 

Schleiden, M. J. 8 
Schley, E. O. 542, 544-5 
Schmucker, T. 226, 339 
Schneider- Orelli, O. 369 
Schopfer, W. H. 416 
Schulze, E. 303-4, 392 
Schwarz, F. 253 
Schwendener, S. 28 
Scilla 244, 272 
Scindapsus pinnatus 254 
Scirpus 378 

„ maritimus 532 
Sclerotinia sclerotiorum 349 
Scofield, H. T. 318 
Scott, D. A. 132 
Scott, D. H. 363 
Scrophularia nodosa 276 
Scrophulariaceae 195, 351, 599 
Scyphanus elegans 506 
sea urchin eggs 11, 21-3 
„ water, ions present in 75-6 
Sebor, J. 74 
Secale cereale 470 
secretion 352-6 
Sedum album 325 
„ praealtum 158 
„ reflexum 158 
„ Telephium 158 
seed coat 368-9, 372, 375-8, 380-6, 
393, 506 

„ formation 351, 365, 458, 479 
seedlessness, non-parthenocarpic 474- 
5, 478 

seeds, after-ripened 382 
„ , albuminous 473 
„ , chemical composition of 387-90 
„ , exalbuminous 473 
„ , freezing of 386 
„ , hard-coated 368-9 
„ , light-hard 372-5 
„ , light- indifferent 371, 374 
„ , light-sensitive 871-8, 381-2 
„ , morphology of 387 
Seidel, K. 603 

Seifriz, W. 9, 12, 16-17, 20-1, 28 
seismonasty 586-7, 598-610 
seismonic excitation, conduction of 
601-6, 609 

„ stimulation 491, 495, 502, 
545, 598-610 
Selaginella 467, 557, 569 
self-fertilization 477 
„ -impotence 476 
„ -pollination 479 
„ -sterility 469, 472, 476-7 


Sempervivum 349, 464 

„ albidum 456 

„ funkii 456 

Sen, B. 13, 22 
Senebier, J. 198, 226 
Senecio vulgaris 442 
Sen Gupta, J. 585 
sensitive plant 498, 502, 598, 606 
sensitivity to stimulation 496, 520-4, 
526, 528-31, 536-7, 539-40, 543, 548, 
552-6, 559-60, 563, 574, 579, 584, 599 
sepals, respiration of 163 
separation layer 449 
septum, multiperforate 204-8, 272, 279 
serine 307 

Seshagiri, P. V. V. 189 
Setaria 514, 536, 540, 559 
„ alopecuroides 530 
„ glauca 385 
Seteliell 402 

Seybold, A. 242, 290, 559 
shade plants 222-3, 273, 287 
Shantz, II. L. 283, 286 
Sharp, L. W. 607-8 
Shive, J. W. 335, 339-40 
shock, energetic 412 

„ stimulus 491, 495, 502-3, 568, 
598-610 

short-day plants 456-8 
Shreve, E. B. 279 
Shull, C. A. 46, 367-8 
Sicyos angulata 579 
Sierp, H. 407, 559 
sieve tubes 312-19, 449 
Sigesbeckia orientalis 590 
Silbersehmidt, K. 405-6 
silicates 338, 449 
silicon 196, 323- 8, 338 
Silphium perfoliatum 545 
silver 92 

„ nitrate 50, 576 
Silybum marianum 576, 582 
Sinapis 171, 223, 395, 411 

„ alba 166, 174, 223, 226, 229, 
425, 470, 525, 530, 555-6, 
563, 570, 576, 581 
„ arvensis 530 
Singh, B. N. 164, 189 
sinigrin 115, 126, 338 
sinigrinase 115, 126 
Sisymbrium officinale 530 
sitosterol 248 
Skelding, A. D. 77, 86 
Skene, M. 346 
Skoog, F. 421-2, 439 
sleep movements 498, 587, 590-1 
„ position 592 
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Smilaceae 577 

Smilax 577, 583 

Smith, A. M. 218-19, 225, 400 

Smith, J. A. B. 251 

smoke 434, 446, 526 

smuts 348-9, 480 

'snap action* mechanism 354 

Snow, G. A. 140 

Snow, B. 424, 435, 437-9, 543-4, 601-5 
snowdrop 244 
Soding, H. 420-1, 424 
sodium 84, 323, 325, 332, 336-7 
„ acetate 62 

„ azide 39, 111, 187 

„ bicarbonate 219 

„ carbonate 570 

„ chloride 36, 42, 56, 59, 62, 
64-6, 72-4, 77-9, 94- 5, 97, 
100, 127, 168, 255, 289, 336, 
472, 569-70 
„ citrate 95 

,, formate 467 

„ hydroxide 203, 205, 378 
„ iodide 95 

„ ions 64-6, 73, 76, 80, 98, 526 
„ malate 568 

„ monohydrogen phosphate 570 
„ nitrate 79, 95, 295, 569 

„ oxalate 62 

„ salts 64-6, 95, 569, 593 

„ sulphate 59, 62, 72, 79, 95, 569 

„ sulphite 180 

,, tartrate 570 

„ taurocholate 95 

„ thiocyanate 95 

„ thiosulphate 62 

soil 253 7, 291-3, 295, 298, 323, 326, 
329, 338, 342-3, 356, 858-60, 
377, 380, 385, 387, 449, 464, 476, 
480, 506 

„ , physiologically dry 256 
„ , water content of 283, 415, 433 
„ aeration 329 
„ atmosphere 357, 387 
„ solution 254-5, 257-9, 329 
Soja max 298, see also soya bean 
Solanaceac 309 
Solatium jasminoides 577 

„ tuberosum 171, 325, 545, 573 
‘solarization’ 223 
Soltys, A. 605-6 
Somers, G. F. 144, 148, 335 
Somers, I. I. 335 
Sommer, A. L. 326-7, 334 
Sorbus torminalis 383, 446 
Sorby, H. C. 210 
Sorensen, S. P. L. 296 


Sorokin, H. 334 
Sorghum 382, 514, 536, 559 
soya bean 128, 298, 303, 335, 839, 455, 
457-8, 460, 466 
Sparganium 378, 532 
Sparmannia 584 

„ africana 558, 560 
Specht, II. 121 

specific conductivity of wood 265 
speckled yellows disease 335 
spectra of plant pigments 211, 213-14, 
243 

Spergula 368 
Sperlich, A. 576 

spermatozoids, movement of 466-7, 
491, 495, 568-9 
„ , respiration of 473 

spikelet-promoting substance 454-5, 
458 -9, 467 

Spinacea oleracea (spinach) 223, 419, 
421, 456 

Spiraea japonica 445 
„ palmata 445 

Spirogyra 8, 80, 94 6, 102, 252, 395, 
462 3 

„ neglecta 38, 40 
Spirophyllum ferrugincum 152 
Spoelir, H. A. 251 
Sponsler, O. L. 26 
spontaneous movements 501 
Sprague, G. F. 453 
spring-flowering plants 402 
sprouting 364-5, 443-8 
spruce 358, 383 
Stachys nepetaefolia 384 
„ sylvatica 213 

Stahl, E. 201, 268, 276, 432, 549, 557 
Stalfelt, M. G. 217-18, 228, 271 
stamens, movements of 495, 498, 500, 
508, 584, 599, 609-10 
„ , non-development of 476-7, 

479-80 

„ , respiration of 163 

Stameroff, K. 408 
Staphylea 446, 476 

starch 16, 33, 38, 68, 105-6, 118, 115- 
22, 153, 178, 199, 201, 223, 
226, 231-3, 239, 242, 244-7, 
274-7, 819-20, 382, 834, 845, 
366, 388-91, 395, 444, 448, 
470-1, 481-4, 500, 537-41, 
593 

„ cellulose 117 
„ formation 244-5 
Stark, P. 548, 576, 578-83, 585 
Starling, E. H. 416 
starvation 433 
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statocyte 537-40 
statolith 537-42 

» theory of geotropism 537, 
540-2 

Stauffer, J. F. 187 
stearic acid 251 
Stefan’s law 270 
Steinberg, R. A. 327-8 
Stellaria 223 

„ media 241,385,442 

„ nemorosum 220 

Stentor 21 

sterility 409, 470 80 
Sterling, L. de T. 305 
Stern, K. 212 

Steward, F. C. 77, 87, 89, 108, 319 
Stewart, C. P. 140 
Steyer, K. 573-4 
Stich, C. 157 
Stiegler, A. 91 
Stigeoclonium 430, 462-3 
stigma, chemonastie movement of 590 
„ , cliemotropic influence of 569- 

70 

,, , germination of pollen on 467- 

70, 477-9 

stigmas sensitive to shock 599 
stigmasterol 248 

Stiles, W. 40, 44 5, 51, 56, 72, 74, 77, 
80, 82-3, 86-7, 92, 100, 153 5, 162 3, 
166, 173, 175, 189, 191, 251, 341, 307, 
392-3 

stimulation, period of 493-5 

,, , resultant law of 551 

,, , sine law of 515-16, 550-1 

„ , surface area effect in 551 

stimulative parthenocarpy 474 
stimulus 375-6, 383, 406, 413, 448, 
489-505, 510-610 
„ , definition of 489-90 

„ , diffuse 490, 492, 502, 586 -7 

„ , directional 490, 492, 502, 586 

„ , intensity of 492-3, 495 

„ , kinds of 490-1 

„ , maximum value of 492 

„ , nastic 492, 586 

„ , nature of response to 494-5 

„ , negative 490, 492 

„ , positive 490, 492 

„ , quantity of 518 

„ , shock 535, 540, 578, 586, 

598-610 

„ , subthreshold value of 492, 

517 

„ , summation of threshold values 

of 517-18, 550, 601 
„ , threshold value of 492 


stimulus, tropic 492, 586 

„ of light in seed germination 
375-6 

„ of light in zoospore formation 
462-3 

„ of shock in seed germination 
383 

„ quantity law 518, 548-51, 
571, 579 

Stipa 286 
Stirk, M. L. L. 92 
St. John, E. Q. 355 
Stokes, G. G. 210 

Stoklasa, J. 74, 129, 176, 251, 327, 331 
Stoll, A. 198, 209-14, 229-30, 235-8, 
240, 243 

stomata 201-8, 221-3, 230, 244, 267, 
271-85, 569 
„ , anatomy of 274 

„ , distribution of 271-3 

„ , measurement of aperture of 

275-6 

,, , size of 273-4 
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